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Abstract 
Sparse long-term Asian monsoon (AM) records have limited our ability to understand 
and accurately model low-frequency AM variability. This dissertation presents a gridded 
544-year (from AD 1470 to 2013) Reconstructed Asian summer Precipitation (RAP) 
dataset by the weighted merging of two complementary proxies including 453 tree ring 
width chronologies and 71 historical documentary records. Verification against 
observations and evaluation with various proxies (speleothem, ice core and upwelling) 
supports the RAP as a valuable dataset for study of large-scale low-frequency Asian 
summer precipitation variability. Four major modes of variability of the Asian summer 
precipitation are identified with the long record of RAP, including a biennial El Niño-
Southern Oscillation (ENSO) mode, a low-frequency ENSO mode, a central Pacific El 
Niño-like decadal mode, and an interdecadal mode. 
It is shown that the relationship between the RAP and ENSO is ENSO phase-dependent 
since 1470. Two major modes of interannual variability are found to be associated with 
the ENSO developing and decaying phases, respectively. The mechanisms behind the 
modern monsoon-ENSO relationship can reasonably well explain the past monsoon 
behavior. In response to a developing ENSO, precipitation anomalies from the Maritime 
Continent (MC) via India to northern China are in phase, and this “chain reaction” tends 
to be largely steady since around 1620 AD; during the decaying phase, however, the 
summer rainfall-ENSO relationship over the Yangtze River Valley-southern East China 
(YRV-SEC), the MC and central Asia, has gone through large multidecadal to centennial 
changes over the past five centuries. The Pacific Decadal Oscillation and ENSO intensity 
are speculated to be associated with these multidecadal to centennial changes of rainfall-
ENSO relations. 
An area-averaged All Asian Rainfall Index (AARI) was constructed with the RAP, and 
significant low-frequency periodicities of the AARI are found on decadal (8-10 years), 
quasi-bidecadal (22 years), and semi-centennial or multidecadal (50-54 years), as well as 
centennial time scales. A remarkable abrupt frequency shift from semi-centennial to 
decadal is detected around AD 1700 across the entire Asian land area, which nearly 
 v 
concurs with a dramatic upswing of the Indian summer monsoon and AAR. The leading 
EOF modes on the decadal, multidecadal, and centennial timescales all exhibit a similar 
spatially uniform structure, suggesting a tendency of in-phase variations among the 
rainfall over South Asia, East Asia, and MC across the three time scales. The leading 
mode of the decadal variation of AAR is associated with a mega-El Niño-Southern 
Oscillation (ENSO) in the Pacific, a cool western Indian Ocean, and a warm North 
Atlantic and cool tropical South Atlantic. The leading mode of semi-centennial (or multi-
decadal) variation exhibits a more spatially uniform pattern and significantly correlated 
with the reconstructed Atlantic Multidecadal Oscillation (AMO) and the proxy mega-
ENSO. Centennial variation of the AAR follows more closely the volcanic forcing 
variation, while is uncorrelated with solar forcing variability. Both the AARI-mega-
ENSO and AARI-AMO relationships are nonstationary and experience significant 
centennial changes, especially around AD 1700; so is the AARI-volcanic forcing relation. 
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Chapter 1. Introduction 
he Asian monsoon (AM) is the most powerful and complex component of the 
global monsoon system. The thermal contrast between the world’s largest 
landmass (Eurasian continent) and ocean basin (Indo-Pacific Ocean), and the 
presence of the world’s largest high land, the Tibetan Plateau, also known as the third 
pole, adds to its power in response to the seasonal evolution of the sun. Within the AM 
system are active interactions among earth’s surface, ocean, and atmosphere (Wang 
2006a). About two-thirds of the world’s population resides in the AM region, where the 
monsoon rain is the key to agriculture and monsoon prediction is crucial to people’s 
livelihood. However, great challenges remain for the models to accurately predict its 
seasonal anomalies (e.g., Wang et al. 2009) and its year-to-year fluctuations (e.g., 
Webster et al. 1998; Webster 2006), and its low-frequency variabilities (e.g., Goswami et 
al. 2006; Wang et al. 2018) are not yet fully understood. 
1.1 Need for long-term Asian monsoon reconstructions and more 
The lack of understanding of the AM system, especially on decadal and large spatial 
scales, is primarily due to the limited number of long-term monsoon records with 
insufficient spatiotemporal resolution. Instrumental data, which only dates back to a 
century or so, makes it difficult to investigate the low-frequency (interdecadal to 
centennial) variability of the AM (Clemens 2006). Existing long-term AM records and 
reconstructions, usually confined to a specific region due to the limitations of the 
paleoclimate proxies in use (e.g., Duan et al. 2004; Sinha et al. 2011), are only able to 
provide partial pictures of the large-spatial scale circulation. A well-calibrated, high 
spatial resolution reconstruction with full coverage of the AM region is in great need. 
The AM interacts with the El Niño-Southern Oscillation (ENSO), and the non-
stationarity of their relationship has been recognized as a specter for seasonal forecast 
T 
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(Webster, 2006). The changes in AM-ENSO relation have been associated with various 
factors such as anthropogenic warming (e.g., Kumar et al. 1999; Ashrit et al. 2001), 
interdecadal variations (e.g., Chang et al. 2001; Krishnamurthy and Krishnamurthy 2014; 
Wang et al. 2008, Li and Wang 2018) and random weakening due to interference by 
other interannual phenomenon (e.g., Ashok et al. 2001; Ashok and Saji 2007). The 
answer is not yet clear. A potential better understanding of the cause(s) could be obtained 
with long data records that cover more cycles of such interdecadal changes under 
different mean climate state. However, how the monsoon-ENSO relationship underwent 
secular changes on the interdecadal-centennial timescale beyond instrumental period has 
rarely been discussed. 
Skillful long-term prediction of the monsoon rainfall is required for city infrastructure 
planning, water resource management, and sustainable development. Since the late 
twentieth century, the impacts of anthropogenic climate change on monsoon precipitation 
changes have been studied intensively, and considerable progress has been made (e.g., 
Meehl et al. 2007; Lee and Wang 2014). In comparison, knowledge and understanding of 
large-amplitude natural decadal variability remains limited. However, the natural 
variability of monsoon often overwhelms the anthropogenic trend on the decadal time 
scale (Wang et al. 2018). Thus, the mechanisms associated with low-frequency internal 
variability of AM need to be further examined with the help of model simulations and 
monsoon reconstructions that span centuries. 
1.2 Research questions 
It is beyond the scope of this dissertation to answer all questions raised in the previous 
subsection, especially concerning the mechanisms of the AM variability. The major goal 
of this research is to reconstruct the past Asian summer precipitation (Chapter 2) and to 
provide a history of its changing relationship with the ENSO (Chapter 3), and to present a 
comprehensive documentary of its low-frequency variability features across the past five 
centuries (Chapter 4). Specific questions are address in each chapter as described below. 
In Chapter 2: How does the reconstructed Asian summer precipitation (RAP) perform 
compared with the observations and other proxies? What are the leading modes of 
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variability of the RAP? How are these modes associated with the global sea surface 
temperatures? 
In Chapter 3: What are the leading interannual modes of variability of the RAP? What are 
their dynamical origins? To what degree are the proposed mechanisms for the current 
AM-ENSO relationship applicable to the past AM-ENSO relationship? What could be 
the causes of the centennial changes of the AM-ENSO relationship in the past? 
In Chapter 4: What are the leading periodicities of the Asian summer precipitation and 
how do they change? What are the leading variability modes of the Asian summer 
precipitation on the decadal, multidecadal and centennial timescales? How are these low-
frequency variations associated with internal coupled dynamic modes and/or external 
forcing? How do the rainfall-internal and -external forcing relationship change over the 
past 544 years?  
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Chapter 2. Asian Summer Precipitation over the 
Past 544 Years Reconstructed by Merging Tree 
Rings and Historical Documentary Records 
2.1. Abstract 
parse long-term Asian monsoon (AM) records have limited our ability to 
understand and accurately model low-frequency AM variability. Here I present 
a gridded 544-year (from AD 1470 to 2013) Reconstructed Asian summer 
Precipitation (RAP) dataset by weighted merging two complementary proxies including 
453 tree ring width chronologies and 71 historical documentary records. The RAP dataset 
provides substantially improved data quality compared with single proxy-type 
reconstructions. Skillful reconstructions are obtained in East and North China, northern 
India and Pakistan, Indochina Peninsula, mid-latitude Asia, Maritime Continent, and 
southern Japan. The RAP faithfully illustrates large-scale regional rainfall variability but 
has more uncertainties in representing small-scale local rainfall anomalies. The RAP 
reproduces realistic climatology and captures well the year-to-year rainfall variability 
averaged over monsoon Asia, arid central Asia, and entire Asia during the 20th century. It 
also shows a general agreement with other proxies (speleothems and ice cores) during the 
period of 1470-1920. The RAP captures the remarkably abrupt change during the 1600s 
recorded in an upwelling proxy over the Arabian Sea. Four major modes of variability of 
the Asian summer precipitation are identified with the long record of RAP, including a 
biennial El Niño-Southern Oscillation (ENSO) mode, a low-frequency ENSO mode, a 
central Pacific El Niño-like decadal mode, and an interdecadal mode. In sum, the RAP 
provides a valuable dataset for study of the large-scale Asian summer precipitation 
variability, especially the decadal-centennial variability that are caused by the external 
forcing and internal feedback processes within the Earth climate system. 
S 
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2.2. Introduction 
The Asian monsoon region supports the livelihoods of about two-thirds of the world’s 
humanity. Monsoon rainfall amount, variability and associated climate extremes have 
been crucial to agricultural production and the welfare of the population for millennia. 
However, it remains a great challenge for models to accurately predict its seasonal 
anomalies (e.g., Wang et al. 2009). The year-to-year fluctuations of the monsoon rainfall 
are generally non-stationary over multi-decadal to centennial time scales (e.g., Webster et 
al. 1998; Webster 2006). The causes of decadal-centennial variations of the Asian 
summer monsoon are not well understood (e.g., Goswami et al. 2006; Wang et al. 2018). 
Limited length of the instrumental data, which only dates back to a century or so, makes 
it difficult to investigate the interdecadal to centennial variability of the AM (Clemens 
2006).  
Multiple proxies, including ice cores, tree rings, speleothems, lake sediments and 
historical documents, have been used to extend the monsoon climate records back in time 
at annual to decadal temporal resolution (Clemens 2006; Wang et al. 2005a, 2014). But 
these climate reconstructions have been frequently restricted by the temporal resolution 
and spatial coverage of the proxies used, which only allows monsoon subsystems to be 
studied separately on regional scales (e.g. Zhu and Wang 2002; Zhang et al. 2003; Duan 
et al. 2004; Chen et al. 2011; Yi et al. 2012; Shi et al. 2014; Sinha et al. 2011, 2015, Xu et 
al. 2013, 2015; Gou et al. 2015; Tan et al. 2015). To assess the regional differences and 
their linkages to large-scale circulation, a well-calibrated, high spatial resolution 
reconstruction with full coverage of the Asian continental region is in great need. 
Cook et al. (2010) presented the first gridded monsoon reconstruction, the Monsoon Asia 
Drought Atlas (MADA), for the past millennium based on a spatially extensive tree ring 
network over the AM region. While the response of incremental tree growth to both soil 
moisture and temperature variation might be expected to parallel a drought severity index, 
the Palmer Drought Severity Index (PDSI, Dai et al. 2004) is not an ideal variable to 
pinpoint the dynamical processes and circulation patterns related to monsoon rainfall 
variability. It is also noted that the MADA performs poorly in reproducing dry/wet 
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conditions in East China (Yang et al. 2013a, 2014; Zheng et al. 2014b; Ge et al. 2016; 
Kang et al. 2014) likely due to the tree-ring data void in this region (Figure 2.1a).  
An invaluable resource recording past monsoon variability in East China is the 
dryness/wetness index. Although the sources of these indices vary (e.g., Bureau 1981; 
Chinese Academy of Meteorological Science 1981; Zhang 1983; Wang and Zhao 1979), 
they are all derived from local chronicles across China since 1470 and/or the 500-year 
flood/drought atlas, and are considered to reflect the changes in the East Asian monsoon 
rainfall. These indices, combined with other proxies, e.g. tree rings, ice cores, and long-
term instrumental measurements, have been used to reconstruct the past boreal warm 
season (May-September) precipitation for the Asian continent (Feng et al. 2013; Shi et al. 
2017b). One of the issues related to such reconstructions, and also discussed in previous 
studies, is that the documentary data are temporally inhomogeneous. Depending on the 
availability of the instrumental data at each station, the dryness/wetness index could be 
derived exclusively from observed precipitation data (Zhang and Liu 1993). This is 
especially the case for the stations that have relatively long records, whose indices after 
1950 are derived from observation alone (Wang et al. 2000b). This means that the 
calibration using the data for the 1950-1999 period is essentially inadequate. In addition, 
Feng et al. (2013) incorporated long-term instrumental records from India and South 
Korea, which might make the reconstruction spatially inhomogeneous.  
In this study, I initiated multiple efforts to produce a new long-term monsoon record 
contributing to the AM reconstruction endeavor. Firstly, I used only tree ring data and 
historical documentary records in the reconstruction; no individual long instrumental 
records and other sparsely distributed proxy data were directly used in order to ensure the 
homogeneity of the reconstruction. Secondly, compared with the previous tree ring 
network (Cook et al. 2010a), a more comprehensive tree ring dataset was used with 
additional 126 chronologies (Cook 2015; Cook et al. 2013). Thirdly, a frequency-based 
reconstruction method was applied to the historical documents to improve their ability to 
reflect the historical extreme events (Zheng et al. 2014a). An objective extrapolation 
method was then used basing on the teleconnections between the precipitation in East 
China and other remote regions. Fourthly, to better avoid signal aliasing (Shi et al. 2013), 
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instead of directly compositing the tree rings and historical documents, I performed two 
individual reconstructions first, and then combined them into one dataset by a 
“correlation skill-based weighting” method. Lastly, I establish the weighting models 
using the data before 1950, during which the historical documentary records are largely 
free of the impact of instrumental data so that the impact of instrumental data on the 
weighting process is minimized.  
Section 2 describes how the Reconstructed Asian summer Precipitation (RAP) dataset is 
generated, including descriptions of the tree rings and historical documents used, and the 
reconstruction methods. In section 3, the RAP dataset is verified against independent 
instrumental data from the Climate Research Unit (CRU, Harris et al. 2014) for the early 
20th century and the long-term instrumental precipitation records that go back to 1770s 
(Seoul) and 1810s (India). Section 4 presents an intercomparison between the RAP and 
other proxies before instrumental period, including speleothem records, ice core records, 
and a marine upwelling record. The RAP climatology and large-scale interanual-decadal 
variability during 20th century is also compared with the results derived from another 
observed dataset compiled by the Global Precipitation Climatology Centre (GPCC, 
Schneider et al. 2015) (Section 4). The leading modes of variability of the RAP are 
examined in Section 5. Finally, discussions (Section 6) and conclusions (Section 7) are 
presented. 
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2.3. Reconstruction of the Asian summer precipitation: data and methods  
 
Figure 2.1 (a) Research domain with locations of the 453 tree ring chronologies (green 
dots) and 71 historical documentary records (blue dots). (b) Monsoon Asia (dark green), 
arid Asia (dark yellow) and Maritime Continent (blue). The monsoon Asia domain is 
defined by the following criteria: annual range of precipitation exceeds 300 mm (or 
2mm/day); and local summer (May to September) precipitation exceeds 55% of the 
annual total precipitation (Wang and Ding, 2008). To the northwest side of the monsoon 
domain is considered the semi-arid/arid region. 
The reconstruction domain is shown in Figure 2.1 (from 8.75°S to 55.25°N, and from 
61.25°E to 143.25°E), covering the South Asian and East Asian monsoon subsystems, the 
Maritime Continent (MC), and the semi-arid/arid central Asia. The summer (June-July-
August, JJA) precipitation was reconstructed with an annual temporal resolution and a 2 
by 2-degree spatial resolution. The datasets used for reconstruction and their temporal 
spans are shown in Figure 2.2.  
 
Figure 2.2 Data used for reconstruction and evaluation 
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2.3.1. The historical documentary records and reconstruction method 
The historical documentary records I used are flood/drought level coded data in East 
China dating back to 1470 (1470-2003, Figure 2.2). The level coded data were derived 
from a 500-year flood/drought atlas, which was originally defined by five levels: severe 
flood, flood, normal, drought, and severe drought (Wang and Zhao 1979). Li et al. (2005) 
added two more levels, i.e. extreme flood and extreme drought by going through local 
chronicles for extreme climate events, which occur once in 30 years. 71 stations (blue 
dots in Figure 2.1a) were selected because they have relatively long precipitation records, 
and are almost evenly distributed across East China (Wang et al. 2000b; Li et al. 2005). 
The key to reconstruct precipitation from historical documentary records lies in the 
occurrence frequencies of the seven drought/flood levels, which are 0.033, 0.100, 0.233, 
0.268, 0.233, 0.100, and 0.033, respectively. I used observed JJA mean precipitation over 
1951-1989 as a reference. For each station location, the 39-year rainfall series was 
ordered from maximum to minimum and binned into seven groups to obtain similar 
frequencies of occurrence mentioned above (i.e., order number 1, 2-5, 6-14, 15-25, 26-34, 
35-38, and 39, respectively). For each group, precipitation is then averaged to represent 
the rainfall amount of the corresponding drought/flood level. With this transformation, 
annual summer precipitation amount was estimated for the level coded data and extended 
back to 1470.  
The historical documentary records are limited only in East China. To extend the 
reconstruction from East China onto the whole Asian domain, I applied an objective 
extrapolation method basing on the teleconnections between precipitation in East China 
and other remote regions and using stepwise regression. The high-resolution gridded 
monthly precipitation product CRU TS 3.22 is used for extrapolation. For each grid point 
outside East China, I correlated the local CRU precipitation series with the 71 time series 
in East China from 1951 to 1989 (Figure 2.2). I selected significantly correlated time 
series above the 80% confidence level (p<0.2, 2-tailed) as potential “predictors”, because 
the resultant extrapolation was most satisfactory among sensitivity test results for various 
significance levels. I then applied stepwise multiple linear regression with these 
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predictors. Stepwise regression is a systematic method for adding and removing 
predictors from a multi-variable linear regression model based on the statistical 
significance of their contributions to the overall variance explained by the model (Draper 
and Smith 1998). I chose the maximum p value for a predictor to be added as 0.05, and 
the minimum p value for a predictor to be removed as 0.10. Through these procedures, I 
extended the precipitation series in East China both temporally and spatially to the entire 
study domain for the past five centuries. 
Such extrapolation is not merely a statistical remedy; it does have its physical basis. For 
instance, there is a robust linkage in summer precipitation among northern East China, 
India and Maritime Continent. Using 116-year GPCC data (1901-2016), the northern East 
China summer precipitation has a significant correlation with those over India (r=0.38, 
p<0.05) and Maritime Continent (r=0.49, p<0.05). The stalagmite records from 
Wanxiang Cave in the northern East China and from Dandak Cave in the central India are 
shown to vary coherently (Berkelhammer et al. 2010), albeit the ambiguity of the 
meaning of the speleothem records (e.g., Tan 2016; Chen et al. 2016). Here I assume that 
the relationship in summer precipitation between East China and other regions is stable 
over time.  
2.3.2. The tree ring network and reconstruction method 
The tree ring network I used was achieved through collective effort of many tree ring 
scientists over decades in developing climatically sensitive tree ring chronologies in the 
AM region (e.g., Shao et al. 2005; Li et al. 2006; Fang et al. 2010; Gou et al. 2015; Cook 
et al. 2010b; Yang et al. 2013b). An updated version with a total of 453 tree ring 
chronologies were used for the reconstruction (Cook 2015; Cook et al. 2013). The earliest 
starting year of the tree ring series is AD 150, and the common (i.e., earliest) last year of 
the series is 1989, with most of them clustered after AD 1500. The spatial coverage of the 
network is limited, due to the intrinsic availability of trees and limited accessibility of 
existing tree ring chronologies. For example, over central Asia, parts of western China, 
and the Tibetan Plateau, no forest cover can be found; in lowland tropics, only a few tree 
species are suitable to sample. It was suggested that a screening procedure for tree ring 
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chronology is necessary for quality control, because not all of them respond well to the 
precipitation change in China (Shi et al. 2017b). However, some studies have shown that 
screening may provide artificial skill (e.g. DelSole and Shukla 2009). Therefore, I did not 
perform screening before the reconstruction. 
I used the tree ring width chronologies, and applied the “point-by-point regression” 
method (PPR, Cook et al. 1999). PPR is a well-tested principal components regression 
method, and has produced high quality drought reconstruction over North America (Cook 
et al. 2007) and over the AM region (Cook et al. 2010a). PPR is based on the proposition 
that only tree ring chronologies relatively close to a given grid point are likely to have a 
stable relationship with the climate variables at that location, thus are likely to be true 
“predictors”. Due to the limited spatial coverage of the tree ring network over Asia, to 
find the minimum amount of tree ring series (here set to 10) for each grid point requires a 
much larger search radius than the e-folding distance (i.e., 490km, Figure 2.3) of the 
precipitation correlation decay. Though greatly expanded search radii from 500km up to 
3800km were used in reconstructing the summer monsoon precipitation, there are still 
effective correlations found (Figure 2.3). This is similar to what was done in producing 
the MADA (Cook et al. 2010a). They assumed that over broad areas with relative low 
topographic complexity, as the Tibetan Plateau, and the Mongolian steppes, meaningful 
correlations can be found between tree rings and climate. In area where no trees were 
available, such as in East China and the Tarim Basin in the western China, the adjacent 
tree rings can to some degree extrapolate over the void and provide useful climate 
information.  
The calibration data I used is monthly precipitation from CRU TS 3.22. The calibration 
period was chosen from 1951, to the common last year of the tree ring series, i.e., 1989 
(Figure 2.2). Because the data quality of this time period is relatively high compared with 
that before 1950 (Cook et al. 2010a). The output is a 2 by 2 degrees gridded summer 
precipitation with full coverage of the Asian land region dated back to AD 1300. 
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Figure 2.3 Correlation decay with distance for CRU TS 3.22 summer precipitation over 
the Asian monsoon domain. The data was smoothed using the locally weighted scatter 
plot smooth (LOESS) method with a span of 40%. The e-folding (1/e) decay in 
correlation is at the distance of 490km. 
2.3.3. Method to combine the two reconstructions 
To combine the precipitation reconstruction from tree ring chronologies and that from 
historical documents into one unified dataset, I applied a correlation skill-based 
weighting method. The argument is that in the region where one reconstruction has a 
higher correlation with observation, this reconstruction should be given a higher weight.  
As discussed at the beginning, the historical level-coded data are not homogeneous. For 
the 71 historical documentary records used in this study, the levels were determined 
solely with instrumental precipitation after 1950. From 1900 to 1950, however, the 
percentage of instrumental data involved in determining the levels is significantly lower 
(~34%, Wang et al. 2000). Therefore, I use the period from 1921 to 1950 as the 
weighting period (Figure 2.2). By doing so, the bias towards putting higher weights on 
the historical documents can be reduced. Only positive correlations are selected for 
determining the weights. As such, only grid points with positive correlations are used as 
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candidates to enter the weighting. In rare cases when both correlations are negative for 
both reconstructions, I applied equal weights. 
As expected, the weights for the tree ring-based and for the historical document-based 
reconstruction largely complement each other (Figure 2.4), although the highest weights 
are still found for the historical document-based reconstruction over East China where the 
original historical documents are obtained (Figure 2.4b). Relatively high correlations are 
also found over west and south India, showing the teleconnection between the rainfall in 
east China and in west India. High correlations are also found in the northern part of 
northeast China, northern part of Indo-China peninsula, and west Borneo for the 
historical document-based reconstruction. For the tree ring reconstruction, higher weights 
are found in other geographic regions (Figure 2.4a), where tree ring samples are 
incorporated. These regions include Siberia, northeast of Kazakhstan, Mongolia, and 
Hokkaido, Japan; Tajikistan, Kyrgyzstan, north Pakistan and north India; south of the 
Himalayas including Nepal, Bhutan, Bangladesh, northeast India, and western part of 
Xinjiang, China; Indo-China peninsula, Malay Peninsula, Sumatra, and west Borneo.  
 
Figure 2.4 Weights assigned to (a) the tree ring-based and (b) the historical document-
based reconstruction according to the correlation coefficients between the reconstructed 
and CRU (Harris et al., 2014) precipitation from 1921 to 1950. Only positive correlations 
are plotted. Equal weights are applied in rare cases when neither reconstruction has a 
positive correlation. 
The combined reconstruction at each grid can be achieved through the following equation, 
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RECONS!"#$%&'( = RECONS!"× !"#!"!"#!"!!"#!!"# + RECONS!!"#× !"#!!"#!"#!"!!"#!!"# , 
where RECONS!"#!"#$%, RECONS!", and  RECONS!!"# represent combine reconstruction, 
tree ring-based reconstruction, and historical document-based reconstruction, respectively. 𝑐𝑜𝑟!" and 𝑐𝑜𝑟!!"#denote the correlation coefficients of the tree ring-based and historical 
document-based reconstruction with CRU data for the period from 1921 to 1950, 
respectively. The assumption for this combination is that the weights determined by the 
period from 1921 to 1950 are still valid before 1921. 
2.4. Verification of the Reconstructed Asian summer Precipitation (RAP)  
2.4.1. Verification of the RAP against CRU (1901-1920) data 
The RAP was verified against the CRU precipitation anomalies for the 1901 to 1920 
period. The reason for selection of this short period is that data from 1950 to 1989 were 
used for calibration and the data from 1921 to 1950 were used to determine the weight of 
merging the two reconstructions (Figure 2.2). The large-scale instrumental precipitation 
data are available only after 1901. The calibration and weighting processes left only the 
period from 1901 to 1920 for out-of-sample verification. 
The reconstruction skill was evaluated using the standard statistical significance testing, 
which have been frequently used in previous studies for reconstruction verification (Cook 
et al. 2010a; Feng et al. 2013; Shi et al. 2017b). They include the square of the Pearson 
correlation coefficient (RSQ) between observation and reconstruction during the 
verification period, reduction of error (RE), and the coefficient of efficiency (CE). RE 
and CE are calculated as, 
 RE = 1.0− ∑ !!!!! !∑ !!!! ! !  , CE = 1.0− ∑ !!!!! !∑ !!!! ! ! , 
respectively. x !  and x !  are the means of observation during the calibration and 
verification period, respectively. x!  and x!  are the observed and reconstructed values 
during the verification period, respectively. RE determines if the reconstruction is better 
than climatology of the calibration period, with RE>0 indicating positive skill of 
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reconstruction. CE is similar to RE but the values are smaller than RE when x !  ≠  x !. 
Thus, it is more difficult to pass the test with CE>0 for skillful reconstruction.  
 
Figure 2.5 Verification statistics for the RAP against CRU from 1901 to 1920. (a) Square 
of the Pearson correlation coefficient (RSQ), only correlations that are higher than the 
90% significance level (1-tailed) are shown. (b) Reduction of error (RE) and (c) 
coefficient of efficiency (CE), regions with positive skill are shown (RE>0, CE>0). Black 
doted areas are missing values in CRU dataset during this time period. 
Relatively good agreement with RSQ higher than 0.16 (p<0.1, 1-tailed), albeit sparse, is 
found in East and North China, southern Japan, Mongolia, Siberian northeast of 
Kazakhstan, north Pakistan, and north India, and over the MC, including Borneo, Malay 
Peninsula, and South Sumatra (Figure 2.5a). However, over various parts of India, 
regions south of the Tibetan Plateau, and parts of the Indochina Peninsula, the RSQ is 
largely insignificant (Figure 2.5a). The RE in Figure (4b) shows skillful reconstruction in 
East and North China, Indochina Peninsula, MC, northern India and Pakistan, mid-
latitude Asia, and south Japan. The CE (Figure 2.5c) shows similar spatial distribution of 
skill, but the magnitudes are lower than that of RE.  
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Figure 2.6 Same as Figure 2.5, but for only tree ring (top panel) and only historical 
document (bottom panel) reconstructions 
I also examined individual reconstruction with single-type proxy and to evaluate how 
much the merged reconstruction has improved the skill. Standard verification statistics 
are applied to reconstructions with only tree rings and only historical documents, 
respectively (Figure 2.6). The reconstruction with only tree rings shows skill over 
middle-latitude Asia, central Asia, northern India, Indochina peninsula, MC, and southern 
Japan (top panel). The reconstruction with only historical documents shows skill over 
East China, north central India, and southern Indochina peninsula (bottom panel). The 
RSQ of the two individual reconstructions are largely complementary with each other. 
Although the RSQ from tree-ring records is relatively small compared to that produced 
by documentary records, the combination of the two is shown to have improved 
reconstruction skill over most of AM region (cf. Figure 2.5, Figure 2.6). 
2.4.2. Verification against long-term instrumental data before 1920 (1771-1920) 
I further verified the RAP against long-term instrumental records (Figure 2.2). One of 
such records is the IITM (Indian Institute of Tropical Meteorology) Indian 
regional/subdivisional Monthly Rainfall dataset dating back to 1813 (Sontakke et al. 
2008). This “All-India” record comes from an extensive network of rain gauge stations, 
 17 
and is area-weighted for India. Another record is from Seoul (37oN, 126oE), South Korea, 
which is one of the world’s longest instrumental measurements of daily precipitation 
since 1771 (e.g., Wang et al. 2006). This record was compiled from ancient rain-
measuring devices used during the Chosun Dynasty, as well as modern rainfall 
observations since 1908. 
Table 2.1 Correlation coefficients between the RAP and long-term instrumental records 
Regions (subregions) Time period Correlation coefficient 
All-India 1813-1920 0.22 (0.30) 
North mountainous India 1844-1920 0.21 (0.21) 
Northwest India 1826-1920 0.19 (0.26) 
North central India 1831-1920 0.26 (0.32) 
Northeast India 1829-1920 0.09 (0.05) 
West peninsula India 1817-1920 0.24 (0.28) 
East peninsula India 1848-1920 0.30 
South Peninsula India 1813-1920 0.02 (0.03) 
Seoul 1771-1920 0.18 (0.11) 
Numbers in parentheses are correlations for the common period 1848-1920. Bold 
numbers are statistically significant at 90% confidence level (p<0.1, 1-tailed). The area 
for each index is determined based on the definition of each subregion in India (Sontakke 
et al. 2008, Figure 1), and the location of the record in Seoul. 
General agreement is found between the RAP and the long-term rain gage records (Table 
2.1). The 108-year All-India record shows significant positive correlation (r=0.22, p=0.02) 
with the reconstruction outside of the calibration period. Within India, significant 
correlations are found over most subregions except the northeast India and southern 
peninsula. The highest correlation is found in north central region (r=0.32, p<0.1), 
followed by eastern (r=0.30, p<0.1) and western peninsula region (r=0.28, p<0.1). In 
Seoul, the correlation coefficient is 0.18 (p=0.03), which is reasonably good given the 
Seoul record is a single station observation and the longest time span of the records from 
1771 to 1920.  
2.4.3. Sensitivity to parameter choices 
As described in section 2, a relatively short weighting period (30 years, 1921-1950) was 
used for combining the two reconstructions (Figure 2.2). This is constrained by the data 
availability. The special property of the historical documentary records requires a 
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weighting model built with data prior to 1950, while the out-of-sample verification 
requires withholding of data. Therefore, I reserved the available CRU data during 1901-
1920 for the out-of-sample verification.  To test to what extent the low frequency 
variability of the precipitation is captured with this short weighting-training period, a 
reconstruction with longer weighting period (LONG), from 1901 to 1950 is fashioned to 
compare with this reconstruction (SHORT). The area-weighted index averaged over the 
entire Asia from LONG is significantly correlated with that from SHORT (r=0.99, 
p<0.05). In term of the periodicity, power spectra of the area-weighted indices averaged 
over Asia from both LONG and SHORT are shown to have preserved low frequency 
variability, and the locations of all low frequency peaks are the same (Figure 2.7). 
Another possible concern is the choice of targeted season of reconstruction. Previous two 
reconstructions (Shi et al. 2017b; Feng et al. 2013) both aim at warm season (May to 
September, MJJAS) rainfall. The reason why I chose the JJA mean precipitation is based 
on (Wang and Zhao 1979). They compared the leading EOF modes using 508-year 
drought/flood indices from 25 stations located in East China with observed summer 
precipitation (24 years) from 100 weather stations and found that the spatial patterns of 
the variability modes are very similar. They concluded that the drought/flood indices 
could reflect the summer precipitation variability in the East China. I conducted 
sensitivity tests to compare the reconstructed JJA precipitation variations with the May to 
September (MJJAS) precipitation variability. The area-weighted index averaged over the 
entire Asia from JJA reconstruction accounts for almost half (46%) of the total variance 
of MJJAS rainfall. The correlation coefficient between the JJA and MJJAS indices 
reaches 0.94 (p<0.05), indicating that at least on large spatial scale, the JJA precipitation 
variations could largely reflect the MJJAS precipitation variability in the research domain. 
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Figure 2.7 Periodicity of the reconstructed AM indices with (a) long and (b) short 
weighting period. The power spectra are derived by using forward Fast Fourier 
transformation, with 10% of the data tapered, and the modified Daniell window with a 
span of 4. Blue lines are the Markov Red Noise spectra. Red and orange dash lines 
indicate upper (lower) confidence bounds at 95% and 90% significance levels, 
respectively. 
2.5. Further evaluation of the RAP  
2.5.1. Intercomparison between the RAP and GPCC climatology and large-scale 
precipitation indices 
The RAP climatology was compared with that derived from the GPCC monthly 
precipitation dataset from 1901 to present (Figure 2.2). As shown in Figure 2.8, the 
climatological mean of the reconstruction (Figure 2.8d) resembles that from the 
corresponding observation (Figure 2.8a) with a pattern correlation coefficient (PCC) of 
0.89. Note that the reconstruction mean is essentially the CRU climatology from 1951 to 
1989, i.e. the calibration period, because the reconstructed variable is rainfall anomaly. 
The standard deviation from the RAP (Figure 2.8e) is overall less in amplitude compared 
with that from the observation (Figure 2.8b), especially over Indo-China peninsula and 
the Tibetan Plateau, but the PCC between the two is reasonably good (0.76). However, 
for the verification period, the discrepancy over the Tibetan Plateau increases (Figure 
2.8c, f) and the PCC drops to 0.57. 
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Figure 2.8 20th century climatological mean and standard deviation for the GPCC and 
RAP 
Large-scale precipitation variability is represented by area-weighted mean RAP indices in 
Figure 2.9. Over all Asia, the reconstructed Asian precipitation index is significantly 
correlated with that from the GPCC with a correlation coefficient of 0.73 (p<0.05) for the 
20th century and 0.67 (p<0.05) for the verification period (1901-1920) (Figure 2.9a). The 
Asian domain was further divided into monsoon Asia, arid Asia, and the MC (Figure 
2.1b). The definition of monsoon domain follows Wang and Ding (2008).  
For monsoon Asian precipitation index, the correlations are consistently high: 0.69 
(p<0.05) for the 20th century, and 0.66 (p<0.05) for the verification period of 1901-1920 
(Figure 2.9b). The high correlation in the monsoon Asian is likely attributed to the 
inclusion of abundant historical records in East China (Figure 2.1a). For arid central Asia, 
the area-weighted mean precipitation index shows fairly good relationship with the 
observed counterpart with r= 0.66 (p<0.05) for the 20th century and r= 0.45 (p<0.05) for 
the verification period. This indicates that tree rings and teleconnections have contributed 
to the RAP’s improved representation of the rainfall variability outside the historical 
record-dense region in East China. Slightly lower correlations, albeit significant, are 
found over the MC (r=0.60, p<0.05), which is possibly due to lack of proxy samples. 
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These results suggest that the RAP can effectively capture large-scale rainfall variability 
in different parts of Asia during the 20th century. Yet the skill varies over the study region 
because of the differences in proxy coverage, proxy type, and the extent to which the 
climatological regime is driven in the region by large-scale factors. 
 
Figure 2.9 Comparison of the area-weighted precipitation indices derived the RAP (blue) 
and GPCC (black) for (a) all Asia, (b) monsoon Asia, (c) arid Asia and (d) maritime 
continent. Rv is the correlation coefficient during verification period (1901-1920); R20 is 
the correlation coefficient during the 20th century. 
2.5.2. Intercomparison between the RAP and other proxies during 1470-1920  
To evaluate the quality and reliability of the reconstruction before 1920, I further 
compared RAP to various published monsoon proxies, including eight speleothem δ18O 
records from caves across AM region, three ice core records from the central Himalayas 
and Tibetan Plateau region, and one upwelling record from Arabian Sea (Figure 2.2). 
Speleothem δ18O series have been used as proxies of monsoon variability in Asia, and 
negative correlations are expected between speleothem δ18O series and precipitation 
anomalies (e.g., Xu et al. 2013, 2015; Gou et al. 2015; Tan et al. 2015). Ice core records 
have been shown to reflect past climatic conditions, large climate events, as well as 
 22 
temperature and moisture variability (Thompson et al. 2006a). Monsoon intensity 
changes in particular have been associated with ice core dust and chloride concentrations, 
aerosol history, and snow accumulation (Thompson et al. 2000; Duan et al. 2004; 
Thompson et al. 2006b). In this study, I used the most straightforward variable, which is 
snow accumulation (Thompson et al. 2000; Duan et al. 2004), and positive correlations 
are expected with the monsoon reconstruction. For each proxy record, a 5 by 5 grid box 
centered at the location of the proxy is selected to calculate time series with the RAP. The 
size of the box is determined based on the correlation decay e-folding distance, which is 
490 km (roughly 2.2 of the 2-degree grids). Pentad time series (average over every five 
year) from 1470-1920 are used to examine relationships on the decadal time scale. 
 
Figure 2.10 Comparison of RAP and proxy data. Shown are the correlation coefficients 
between the RAP and proxies (speleothem δ18O records and ice core snow accumulation 
records) for the period of 1470-1900. Only significant correlations above the nominal 
80% confidence level (2-tailed) are shown. List of names of the caves are: Cave 1, 
Jhumar and Dandak (Sinha et al. 2011); Cave 2, Kesang (Cheng et al. 2012); Cave 3, 
Shihua (Li et al. 1998); Cave 4, Dongge (Wang et al. 2005b); Cave 5: Wanxiang (Zhang 
et al. 2008) and Huangye (Tan et al. 2011); Cave 6: Dayu (Tan et al. 2009); Cave 7: 
Lianhua (Cosford et al. 2009). List of names of the ice cores are: Core 8, Puruogangri 
(Thompson et al. 2006b); Core 9, Guliya (Thompson 1997); Core 10, Dasuopu 
(Thompson et al. 2000). 
The RAP shows overall agreement with speleothem and ice core records on decadal time 
scale, where warm color indicates negative (positive) correlation with speleothem (ice 
core series) (Figure 2.10). 83% of all the grid points show significant agreement (p<0.2, 
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1-tailed) with the other proxies. In comparison, the percentage of grids in agreement with 
proxies is 66% for the tree-ring only, and 76% for the historical-document only 
reconstructions (Figure 2.11), indicating an improvement of fidelity of the combined 
RAP. Agreement is found for most of the adjacent areas of all eight caves in central and 
northwest China and India and three ice cores located in central Himalayas and Tibetan 
Plateau (Figure 2.10). However, discrepancies remain in several places, including north 
of Kesang Cave in northwest China, near Dongge Cave in south China, near Guliya in 
Tibetan Plateau, and near Dasuopu ice cores in central Himalayas.  
 
Figure 2.11 Same as Figure 2.10, but for (a) tree ring only and (b) historical record only 
reconstructions 
The RAP was also compared with a 1000-year upwelling proxy record from the Arabian 
Sea (Anderson et al. 2002). The upwelling record is interpreted as a low frequency (50-
year interval) Asian southwest monsoon index, which shows that the monsoon upwelling 
reached a minimum around 1600, and increased afterwards with a relatively rapid rate to 
around 1700. The low-frequency variations of the RAP show a salient strengthening of 
the Indian summer monsoon (ISM) that had occurred during 1630-1670 (Figure 2.12a). 
Before this increase at the turn of 1600, strong dry anomalies are shown over India, 
especially over western peninsula India during the period of 1580-1630 (Figure 2.12b). 
The time series of the area-averaged summer rainfall over India (Figure 2.12c) further 
illustrate the multidecadal changes of the ISM during the past 500 years. It is noted that 
the northern East China also strengthened as the ISM increase (Figure 2.12a). During the 
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dry phase of the ISM, other parts, including South-Central China, northern East China, 
and the MC also experience dry conditions (Figure 2.12b). 
 
Figure 2.12 (a) Linear trends during 1630 to 1670; (b) Summer precipitation anomalies 
during 1580 to 1630 derived the RAP dataset. Only significant trends/anomalies above 
the 80% confidence level (2-tailed) are plotted. (c) 50-year smoothed summer 
precipitation averaged over India (red box). 
2.6. Leading modes of the year-to-year variability of the RAP 
To examine the long-term variability of the Asian summer precipitation, I utilized the full 
span of the RAP dataset. An empirical orthogonal function (EOF) analysis is applied to 
the yearly RAP data after spatially smoothing (3 grids in latitudinal and 5 grids in 
longitudinal), area weighting, and standardization (Figure 2.13, Figure 2.14). The 
linkages of the principal components (PCs) with global sea surface temperatures (SSTs) 
are examined to understand their origins (Figure 2.15). The SST data used is from the 
Hadley Center Sea Ice and Sea Surface Temperature dataset (HadISST, Rayner 2003) 
from 1870 to 2013. 
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Figure 2.13 Spatial patterns of the leading EOFs of the RAP. The total explained variance 
of these four EOFs is 46.0%. 
The first EOF mode shows a generally uniform drying pattern over most parts of the AM 
region, including India, East China and the MC (Figure 2.13a). It explains 17.4% of the 
total variance. The PC1 is correlated with a La Niña-like cooling pattern in the preceding 
winter (Figure 2.15, first column), which disappears during the spring, and from summer 
to the following winter an El Niño-like SST pattern develops, suggesting that the unified 
drying pattern is associated with the eastern Pacific El Niño developing process, or a 
transition from a cold to a warm phase of ENSO. Spectral analysis indicates that PC1 has 
significant peaks ranging from 2 to 3 years (Figure 2.14), reflecting its association with 
the biennial or high-frequency component of ENSO (Figure 2.15, first column). This 
mode can be properly identified as a biennial ENSO mode. 
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Figure 2.14 PCs and their power spectra derived by using forward Fast Fourier 
transformation, with 10% of the data tapered, and the modified Daniell window of span 
of 20. Blue lines are the Markov Red Noise spectra. Red and orange dash lines indicate 
upper (lower) confidence bounds at 95% and 90% significance levels, respectively. 
In comparison, EOF4 is also found associated with eastern Pacific El Niño events (Figure 
2.15, forth column). The difference is that during the preceding winter, the ocean 
conditions are El Niño-like rather than La Niña-like, and the eastern Pacific warming is 
long-lasting throughout the year till the following winter. Spectrum of PC4 shows a 
pronounced 5-year peak that passes the 95% significance level, reflecting its association 
with the low-frequency component of ENSO (Figure 2.14), as reflected by the relatively 
slow development of El Niño (Figure 2.15, forth column). Therefore, this mode is 
identified as the low-frequency ENSO mode. Drying over India and Indo-China 
peninsula is observed, and a quadrupole pattern over the East Asia is found (Figure 
2.13d).  
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Figure 2.15 Spatial patterns of correlations with global SSTs for each PC from 1871 to 
2013. Each column represents correlations for one PC; from top to bottom shown are 
seasonal evolutions of the PC-SST relations. Hatched areas are significant correlations at 
80% level and higher (2-tailed). 
EOF3 shows a tripole pattern over the East Asian land, and drying over the western 
China and north of India (Figure 2.13c). It explains 8.7% of the total variance. The PC3 is 
associated with the central Pacific (CP) warming that develops from the summer and 
sustains to the winter (Figure 2.15, third column). The major periodicity of PC3 is around 
9 years (Figure 2.14). I identify this mode as a CP El Niño-like decadal mode. 
EOF2 has a strong loading over the Yangtze River Valley (YRV) where the major 
subtropical frontal zone is located, and over South China. Loadings of the opposite sign 
are found over the India and Pakistan, and northeast Asia (Figure 2.13b). It explains 12.9% 
of the total variance. This mode does not seem to relate with ENSO (Figure 2.15, second 
column). Rather, PC2 is significantly correlated with anomalous SSTs over the Indian 
Ocean and mid-latitude North Pacific Ocean (Figure 2.15, second column). The spectrum 
of PC2 shows very strong peaks in the 20- to 50-year periods (Figure 2.14). Thus, I 
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conclude EOF2 is an interdecadal mode that is likely associated with oceanic low-
frequency variability modes. The behavior of the major modes of variability revealed 
from RAP will be compared with those derived from other reconstructions in the next 
section. 
2.7. Discussion  
While the RAP represents large-scale precipitation anomalies with acceptable fidelity, its 
uncertainty increases toward small and local scales. Major uncertainties in assessing the 
fidelity of the RAP exist over the central Asia, southern and northeastern India, and 
regions south of the Tibetan Plateau (Figure 2.5). For the central Asia, uncertainty is 
partially due to the reduced quality of the CRU data (Cook et al. 2010b, 2013) and lack of 
observations in this area before 1920 (Figure 2.5). For regions including southern and 
northeast India, Nepal and Bangladesh, the high uncertainty of the reconstruction is likely 
due to a combination of lack of trees, low teleconnection with other parts, and high 
variability of local rainfall related to the vigorous air-sea interaction over the Bay of 
Bengal and topography. Therefore, local and small-scale rainfall anomalies derived from 
the RAP should be interpreted with caution.  
There is some degree of mismatching between the reconstruction and other proxies 
(Figure 2.10). The mismatching with speleothem records, could be partially due to the 
obscure interpretation of the climate meaning of the oxygen isotope from the speleothem 
records raised in the recent studies (e.g. Chen et al. 2016; Tan 2016). The disagreement 
with the ice core record could arise from multi-sources. For instance, the ice flow 
dynamics could impact snow accumulation in ice core records (Thompson et al. 2000); 
and uncertainties associated with age models and dating methods in ice core records 
could also contribute to the disagreement (Clemens 2006).  
The RAP agrees with the upwelling record on the timings of weak ISM and the rapid 
ISM strengthening (Figure 2 in Anderson et al. 2002). Similar increase is also found in 
speleothem records from central India (Sinha et al. 2011). But the duration of the 
monsoon-increasing period shown in the RAP (40 years) is shorter than that shown in the 
upwelling record (about a century), which could be due to much lower temporal 
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resolutions of the upwelling record in comparison to the RAP. Such comparison of the 
durations remains very difficult. 
Differences in the interpretation of the major modes of Asian summer precipitation 
variability are noticed. Cook et al. (2010a) discussed the major variability modes of the 
MADA using Distinct EOF (DEOF) analysis. The MADA DEOF1 shows wet conditions 
over India and Southeast Asia (Figure 3 in Cook et al., 2010), which was found 
associated with La Niña conditions. DEOF4 shows strong positive loading over the 
Tibetan Plateau, and it is associated with El Niño conditions. The MADA DEOF1 largely 
resembles the RAP EOF4, and the DEOF4 is likely corresponding to RAP EOF1. Besides 
the differing relative importance of these modes, some fine spatial features in East Asia 
are less evident in the MADA compared with the RAP. For example, the clear 
quadrupole pattern over East Asia depicted in RAP EOF4 is very weak in MADA 
DEOF1. In MADA DEOF4, the wetting over the YRV during an El Nino condition might 
not be accurate (e.g., Yang et al. 2013, 2014), in comparison with the unified drying over 
East China in the RAP EOF1. Li et al. (2014) showed similar MADA EOF patterns as 
Cook et al. (2010), but both studies only discussed two modes of variability, without 
discussing the periodicity of the PCs. Compared to the MADA, the RAP provides a more 
comprehensive and perhaps more accurate description of the variability modes of the 
Asian summer precipitation in terms of a long reconstruction record. 
Although the reconstruction made by Shi et el. (2017) is confined to China while RAP 
covers entire Asia, they share very similar spatial patterns of the leading EOFs over 
China. Both reconstructions show a uniformed EOF1 pattern, a dipole EOF2 pattern, and 
a tripole EOF3 pattern (Figure 8 in Shi et al., 2017). Shi et al. (2017) showed a significant 
connection between the Pacific Decadal Oscillation (PDO) and the low-frequency PC2 
(9-year running average), which agrees with the RAP EOF2 as the interdecadal mode 
associated with mid-latitude northern Pacific Ocean SST variations. However, I don’t 
think this mode is associated with ENSO as suggested by Shi et al. (2017). Besides, the 
dynamical origins of the EOF1 and EOF3 of RAP have been attributed to the biennial 
ENSO and CP El Niño-like decadal Pacific variability (Figure 2.14, Figure 2.15), 
respectively, which are novel in the literature. 
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2.8. Conclusions 
A 544-year gridded (2 by 2 degree) summer (JJA) precipitation dataset was reconstructed 
for Asia (8.75°S-55.25°N, 61.25°E-143.25°E) using the complementary tree ring 
chronologies and historical documentary records. The PPR method was used for 
reconstruction with the tree ring width, and a frequency based reconstruction method was 
applied to the historical documents. A new weighting method that was used to synthesize 
the two field reconstructions, which yields quantitatively improved validation skill 
compared with each individual field reconstruction.  
The quality and fidelity of the Reconstructed Asian summer Precipitation (RAP) data 
have been extensively verified against the independent modern instrumental data over 
entire Asia (1901-1920) and against the long-term rain gauge observations over India 
(1813-1920) and Seoul (1771-1920). The results show skillful reconstruction in East and 
North China, Indochina peninsula, Maritime Continent (MC), northern India and Pakistan, 
mid-latitude Asia, and southern Japan. The RAP is best to illustrate large-scale rainfall 
variability with more uncertainties in representing small-scale or local rainfall anomalies. 
The RAP reproduces realistic 20th century precipitation climatology. Four area-averaged 
precipitation indices were constructed for (a) entire Asia, (b) monsoon Asia, (c) arid 
(central and western) Asia, and (d) MC. The interannual variations of the four indices 
show good agreement with observations during the 20th century, indicating the ability of 
the RAP to capture large-scale year-to-year rainfall variability. For the pre-instrumental 
period, general agreements are found between the RAP and other proxies such as 
speleothem δ18O records in China and India, and ice cores over the Himalaya and Tibetan 
plateau on the decadal time scale. It also captures the remarkably abrupt change during 
1600s recorded in the upwelling proxy record over the Arabian Sea. While the results 
indicate that the RAP is to certain degree reliable for long-term variability estimation, its 
accuracy is limited by regional differences, observational coverage both in time and 
space, and precipitation regimes.   
The 544-year long record of RAP reveals four major modes of variability. The first EOF 
mode features a unified drying over most parts of the AM system, and it is identified as 
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forced by a rapidly developing El Nino or transition from a cold to a warm phase of the 
biennial ENSO mode. The second EOF is an interdecadal mode with wet conditions over 
the YRV and South China, and dry conditions over India and northeast Asia. The third 
EOF shows a tripole pattern over the East Asia, and it is identified as related to a CP El 
Niño-like decadal mode in the Pacific. The fourth EOF features Indian and Southeast 
Asian dryness and a quadrupole pattern over the East Asia. It is identified as associated 
with the low-frequency ENSO mode. 
The results show that the RAP is able to describe long-term variability modes of the 
Asian summer precipitation. It provides a valuable dataset for study of the large-scale 
Asian summer precipitation variability, especially on the decadal to centennial 
timescales, to aid our understanding on the attribution of these low-frequency processes.  
Citation: Shi, H., B. Wang, E. R. Cook, J. Liu, and F. Liu, 2018: Asian summer 
precipitation over the past 544 years reconstructed by merging tree rings and historical 
documentary records. J. Clim., 31, 7845–7861, doi:10.1175/JCLI-D-18-0003.1.  
 
Dataset: The Reconstructed Asian summer Precipitation (RAP) has been archived in the 
NOAA World Data Service for Paleoclimatology archive at 
https://www.ncdc.noaa.gov/paleo/study/24391. 
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Chapter 3. How does the Asian summer 
precipitation-ENSO relationship change over the 
past 544 years? 
3.1. Abstract 
he secular change of the Asian monsoon (AM)-El Niño-Southern Oscillation 
(ENSO) relationship has been recognized as a specter for seasonal forecast. 
The causes of such changes have not been well understood. How the 
monsoon-ENSO relationship underwent secular changes beyond instrumental period has 
rarely been discussed. Here I explore the multidecadal to centennial changes of the AM-
ENSO relationship with the recently compiled Reconstructed Asian summer Precipitation 
(RAP) dataset (1470-2013) and multiple ENSO proxy indices. During the past five 
centuries, two leading modes of interannual variability of RAP are found to be associated 
with the ENSO developing and decaying phases, respectively. The mechanisms behind 
the modern monsoon-ENSO relationship can reasonably well explain the past monsoon 
behavior. In response to a developing ENSO, precipitation anomalies from the Maritime 
Continent (MC) via India to northern China are in phase, and this “chain reaction” tends 
to be largely steady since around 1620 AD when the Indian summer monsoon abruptly 
strengthened. Further, the strengthening of the link between developing-ENSO and 
Indian-northern China rainfall since 1620 AD concurred with a phase reversal of the 
Pacific Decadal Oscillation.  During the decaying phase, however, the summer rainfall-
ENSO relationship over the Yangtze River Valley-southern East China (YRV-SEC), the 
MC and central Asia, has gone through large multidecadal to centennial changes over the 
past five centuries. A remarkable reversal of sign in the AM-decaying ENSO relationship 
occurred roughly from 1740 to 1760 over the YRV-SEC and MC, which may be 
associated with the long-term strengthening of ENSO intensity. Future research should 
continue focusing on revealing the possible causes of the low-frequency changes in the 
T 
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monsoon-ENSO relationship using general circulation models and paleoclimate proxy 
reconstructions.  
3.2. Introduction 
The Asian monsoon (AM) system has been extensively studied owing to its great 
significance and dynamical complexity (Wang 2006b). On the interannual timescale, the 
seasonal evolution of ENSO is a major pace-maker of the AM variability (e.g., 
Rasmusson and Carpenter 1983; Ropelewski and Halpert 1987; Webster and Yang 1992; 
Wang et al. 2003, 2015). During the El Niño developing phase, the Indian summer 
monsoon (ISM) tends to weaken (e.g., Walker and Bliss 1932; Shukla and Mooley 1987; 
Webster et al. 1998; Sikka 1980; Keshavamurty 1982; Mooley and Parthasarathy 1984) 
due to the suppressed convection over the Maritime Continent (MC) caused by the 
eastward shift of the Walker circulation (e.g., Palmer et al. 1992; Lau and Nath 2000); 
meanwhile the northern East Asian summer monsoon (EASM) also tends to weaken in 
phase with the ISM (e.g., Yatagai and Yasunari 1995; Kripalani and Kulkarni 2001; 
Enomoto et al. 2003). During the decaying phase of an El Niño event, the subtropical 
EASM and the Meiyu/Baiu frontal rainfall tend to enhance (e.g., Fu and Teng 1988; 
Huang and Wu 1989; Zhang et al. 1996; Lau and Sheu 1988; Chang et al. 2001) through 
the variation of the western North Pacific (WNP) subtropical high and its interaction with 
underlying Indo-Pacific warm pool (Wang et al. 2000a, 2013b). For a more detailed 
review of the East Asian monsoon, readers are referred to Wang and Li (2004). If one 
does not distinguish between the developing and decaying phase of El Niño (La Niña), 
the simultaneous correlation between summer rainfall in East Asia and the SST 
anomalies in the eastern equatorial Pacific would not be significant during instrumental 
period (Chen et al. 1992). 
In a longer time frame, historical megadroughts and monsoon failures in Asia are found 
associated with strong El Niño events (Cook et al. 2010a; Feng et al. 2013). The footprint 
of ENSO is also found embedded in drought reconstructions over Asia (Li et al. 2014) 
and warm season precipitation reconstructions over China for the past 500 years (Shi et 
al. 2017b). These studies indicate that ENSO played an important role in the past AM 
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variability. However, the ENSO phase-dependent features of the Asian precipitation 
anomalies have not been fully addressed with proxy data. Although one of these studies 
(Li et al. 2014) distinguishes between the monsoon responses to ENSO developing and 
decaying phases, the results are limited to the South Asia and MC sectors.  No evident 
signal is found in the EASM, likely due to the limitation of the Monsoon Asia Drought 
Atlas (MADA, e.g., Yang et al. 2013, 2014) used in the study.  
The AM-ENSO relationships are tantalizing due to the effects of local air-sea interaction, 
land surface anomalies, as well as impacts of one monsoon subsystem on another. For 
example, the atmosphere-ocean interaction generates the Indian Ocean Dipole (IOD) 
mode, which affects the ISM variability (Saji et al. 1999; Webster et al. 1999; Li et al. 
2003; Wang et al. 2003; Ashok et al. 2004, 2001). The local cloud-radiation-SST 
feedback over the northern Indian Ocean also affects the ISM and tends to offset the 
ENSO impacts (Lau and Nath 2000). The Himalayan/Eurasian snow cover has been 
identified as an important remote forcing of the AM besides the ENSO (e.g., Blanford 
1884; Hahn and Shukla 1976; Barnett et al. 1989; Yang 1996). Within the AM system, 
the anomalous ISM convection also impacts the northern EASM variability (Wu and 
Wang 2002). Whether these impacts on the past AM-ENSO relationships have been 
recorded with paleoclimate proxies is unknown. 
What is more complicated is that the AM-ENSO relationship is nonstationary. Since the 
late 1970s, the ISM-ENSO relationship has been observed to have weakened or broken 
down (e.g., Kumar et al. 1999), accompanied by a reversed relationship between the 
northern EASM and ENSO during the decaying El Niño phrases around the same time 
(Wu and Wang 2002). On the other hand, Wang et al. (2008) showed that the 
relationships between ENSO and the western North Pacific, East Asian, and Indonesian 
monsoons have all become enhanced during ENSO’s developing, mature, and decaying 
phases. Thus, the overall coupling between the Asian-Australian monsoon system and 
ENSO has been strengthened.  
The non-stationarity of the Indian monsoon-ENSO relationship has been recognized as a 
specter for seasonal forecast (Webster et al. 1998). The recent weakening of the ISM-
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ENSO relationship has been associated to various factors such as anthropogenic warming 
(e.g., Kumar et al. 1999; Ashrit et al. 2001), interdecadal variations (e.g., Chang et al. 
2001; Feba et al. 2018; Krishnamurthy and Krishnamurthy 2014; Wang et al. 2008) and 
random weakening due to interference by other interannual phenomenon (e.g., Ashok et 
al. 2001; Ashok and Saji 2007). The answer is not yet clear. A potential better 
understanding of the cause(s) could be obtained with long records that cover more cycles 
of such interdecadal changes under different mean climate. However, how the monsoon-
ENSO relationship underwent secular changes on the interdecadal-centennial timescale 
beyond instrumental period has rarely been discussed.  
This study aims to use a new 544-year Reconstructed Asian summer Precipitation (RAP) 
dataset to investigate how the AM responds to ENSO evolution. One question I am trying 
to address is to what degree the proposed mechanisms for the current AM-ENSO 
relationship remain applicable to the past AM-ENSO relationship. I also attempt to detect 
how the AM-ENSO relationship has changed over the past five centuries and explore 
what caused these changes. Section 2 introduces the RAP dataset, and describes the 
observational data and other proxy records used, as well as methodology. Section 3 
discusses the long-term leading modes of the AM interannual variability and their 
dynamical ties with ENSO phases. Section 4 presents the secular changes of the AM-
ENSO relationship in the past 544 years, followed by discussion (Section 5) and 
conclusions (Section 6). 
3.3. Data and methods 
The RAP dataset is a 2-by-2 degree gridded 544-year (from AD 1470 to 2013) summer 
precipitation reconstruction generated by merging two complementary proxies including 
453 tree ring width chronologies and 71 historical documentary records over the Asian 
land region (8.75°S to 55.25°N, 61.25°E to 143.25°E) (Shi et al. 2018). The RAP dataset 
shows significantly improved data quality compared with single-type proxy 
reconstructions, and skillful reconstruction is found over East and North China, northern 
India and Pakistan, the Indochina Peninsula, mid-latitude Asia, the MC, and southern 
Japan. The RAP dataset has also captures well the large-scale year-to-year rainfall 
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variability over monsoon Asia, arid central Asia, and entire Asia during the 20th century. 
Specifically, the RAP captures the abrupt strengthening of ISM in the 1600s recorded by 
other proxies (Anderson et al. 2002; Sinha et al. 2011); to a larger extent, it shows 
relatively weak ISM during the Little Ice Age (15th to 19th centuries, Bradley and Jones 
1993) in comparison with that during the industrial period as shown from other studies 
(Sinha et al. 2007; Tejavath et al. 2017).  
To examine the long-term leading interannual variability modes of the Asian summer 
precipitation, I first applied an 8-year high-pass filter to the detrended data. The rotated 
empirical orthogonal function (REOF) analysis is used because it tends to yield more 
regionally confined patterns and is thus more appropriate for the purpose of studying the 
regional monsoon-ENSO relationships. A correlation-based K-mean cluster analysis 
(Seber 1984; Spath 1985) was also conducted to illustrate the regionality of the RAP. 
Global sea surface temperature (SST) from the Hadley Center Sea Ice and Sea Surface 
Temperature dataset (HadISST, Rayner 2003) within a period from 1870 to 2013 was 
used to examine the dynamic origins of the leading principal components (PCs).  
To extend the monsoon-ENSO relationship back to the pre-instrumental period, I utilized 
ten conventional reconstructions of boreal winter ENSO indices for the past millennium, 
among which seven indices are developed from one or multiple types of proxies (e.g., 
tree rings, coral, ice core, and sediment) with global coverage (Stahle et al. 1998; Mann 
et al. 2000; McGregor et al. 2010; Wilson et al. 2010; Li et al. 2011, 2013; Emile-Geay et 
al. 2013) and three are derived solely from the tree rings in southwest North America 
(D’Arrigo et al. 2005; Cook et al. 2008; Braganza et al. 2009).  
To evaluate the quality of the reconstructed Niño indices, the observed Niño 3.4 index 
from the HadISST dataset (Rayner 2003), and the Global Precipitation Climatology 
Centre (GPCC) monthly precipitation dataset from 1901 to present (Schneider et al. 
2015) were used. Pattern correlation coefficients (PCCs) and normalized root mean 
square errors (NRMSEs) between the observed and reconstructed rainfall-ENSO 
relationship were calculated so as to determine the “best estimates” of the past ENSO 
variability.  
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Selected Niño proxies were used to further demonstrate the long-term AM-ENSO 
relationship. Each AM subsystem was represented by an area-weighted averaging index 
over the corresponding region. Rolling correlations with 11-year and 51-year windows 
between monsoon and Niño indices were examined and discussed both individually and 
collaboratively. 
3.4. Long-term leading modes of high-frequency RAP (1470-2013) 
3.4.1. Rotated EOF modes 
The Asian summer monsoon rainfall variability has been studied primarily on regional 
scales, such as in India, East Asia, the WNP and the MC (e.g., Kumar et al. 1999; Ding 
and Chan 2005; Wang et al. 2000; Chang 2004). Lau and Wu (2001) studied the rainfall-
SST co-variability for a short period of 1979–1998 using singular value decomposition 
(SVD) analysis of the Asian summer monsoon rainfall and global SST anomaly (SSTA). 
They found that the first mode is a biennial mode and the second one is associated with 
La Niña development. Using REOF analysis, here I adopt long records to identify the 
major modes of Asian precipitation variability.  
The first REOF mode displays coherent changes over India and the Yellow River Basin 
(Figure 3.1a). It explains 12.2% of the total variance. Such a coherence of Indian and 
northern China variability has been observed with instrumental data (e.g., Yatagai and 
Yasunari 1995; Kripalani and Kulkarni 2001; Wu and Wang 2002) and speleothem 
records for past millennia on the annual, decadal (Berkelhammer et al. 2010) and longer 
timescales (Kathayat et al. 2016). It should also be noted that Indonesian precipitation is 
in phase with Indian and northern China precipitation anomalies, which is a typical 
pattern during the El Niño/La Niña developing stage. The second REOF mode has a 
strong loading over the Yangtze River Valley (YRV) where the major subtropical frontal 
zone is located, while the loadings of the opposite sign are over northwest India and 
Pakistan, and northeast Asia (Figure 3.1b). It explains 11.0% of the total variance.  
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Figure 3.1 The spatial patterns of the first two leading interannual REOFs (a and b) and 
the two clusters (c), as well as their corresponding temporal coefficients PC1/CI1 (d) and 
PC2/CI2 (e) derived from the RAP for the period from 1470 to 2013. 
The two leading REOF modes are in a general agreement with the results of the cluster 
analysis (Figure 3.1c). Cluster 1 in the blue color corresponds to the large loading areas 
in the first REOF mode, including north Asia, India, and the Yellow River Basin in 
northeastern China. Cluster 2 in red corresponds to the large loading areas of the second 
REOF mode, including western China, southern East China, and southern Japan. I define 
the area-weighted averages of precipitation anomalies in the blue and red regions as 
Cluster Index 1 (CI1) and Cluster Index 2 (CI2), respectively. CI1 and CI2 are 
significantly correlated with REOF1 and REOF2, respectively. The corresponding 
correlation coefficient is r=0.76 (p<0.01) and r=0.82 (p<0.01), respectively (Figure 3.1d, 
e).  
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3.4.2. Origin of the two leading modes 
 
Figure 3.2 Spatial patterns of correlations with global SSTs for PC1 (a-e) and PC2 (f-j) 
from 1870 to 2013. Hatched areas are significant correlations at the 90% level and higher 
(2-tailed). 
The linkages of the PCs with global SSTs are examined to understand their origins. The 
data cover the period of 1870-2013 when global SSTs are available. As shown in Figure 
3.2, the increased precipitation shown in REOF1 corresponds to a developing La Niña in 
the Pacific (Figure 3.2a-e). Significant negative SST anomalies first appear over the cold 
tongue region in the preceding spring (March-April-May, Figure 3.2b). The negative 
SSTs become stronger during summer (Figure 3.2c) and maintain through the following 
fall (Figure 3.2d) and winter (Figure 3.2e). The results indicate that the increased rainfall 
over northern Asia, India, and the Yellow River Basin in northern China is associated 
PC1 PC2 
a. DJF 
b. MAM 
c. JJA 
d. SON 
e. DJF(+1) 
f. DJF 
g. MAM 
h. JJA 
i. SON 
j. DJF(+1) 
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with the development and maintenance of a La Niña-like condition. The power spectrum 
of PC1 has a pronounced 5-year peak that passes the 95% significance level, indicating 
its association with the low-frequency component of ENSO (Figure 3.3a), which is 
reflected by the relatively slow development of La Niña (Figure 3.2a-e). 
The SST anomalies associated with PC2 suggest that REOF2 may be more closely 
associated with the El Niño decaying phase or a transition from warm to cold ocean 
conditions (Figure 3.2f-j). An El Niño condition exists in the preceding winter (Figure 
3.2f). The anomalous warming disappears during the spring (Figure 3.2g) and a La Niña-
like SST pattern starts to develop from the summer to the following winter (Figure 3.2h-
j), suggesting a rapid transition from warm to cold ocean conditions, which is a feature of 
quasi-biennial fluctuation. Spectral analysis confirms that strongest significant peaks of 
the PC2 range from 2.2 to 2.8 years (Figure 3.3b), thus reflecting its association with the 
biennial component of ENSO (Figure 3.2f-j).  
 
Figure 3.3 Power spectra for PCs derived by using forward fast Fourier transformation, 
with 10% of the data tapered, and the modified Daniell window with a span of 4. Blue 
lines are the Markov Red Noise spectra. Red and orange dash lines indicate upper (lower) 
confidence bounds at 95% and 90% significance levels, respectively. 
The two major modes of variability identified here are consistent with the results of the 
EOF analysis of the Asian monsoon rainfall during the recent period of 1979-2010 made 
by Wang et al. (2015), who identified four major modes of variability. The first mode is 
 4.9 
2.6  5.6-6.3 
2.8 
2.3 
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an El Niño-La Niña developing mode, and the second one is an ENSO decaying mode, 
which is an Indo-western Pacific monsoon-ocean coupled mode. The agreement in the 
resultant two leading modes between our REOF and cluster analyses of the RAP and the 
EOF analysis of Wang et al. (2015) lends confidence for the RAP analysis and suggests 
that the two leading modes are robust in both recent decades and the last 544 years.  
3.4.3. Relationship between the leading patterns and Niño indices during 1870-2010 
Before study of the ENSO relationship with the leading modes derived from the RAP for 
the entire 544-year period, I first assess their relations during the instrumental period 
from 1870 to 2010 when the Niño proxies are more reliable.  
Table 3.1 Correlation coefficients between REOF PC1 (PC2) and Niño 0 (1) indices for 
the period of 1870 to 2010. Numbers in italic indicate insignificant correlations. 0 and 1 
denote ENSO develop and decay cases, respectively. 
  REOF PC1 PC2 
Instrumental  Rayner et al., 2003 -0.42 (p<0.01) 0.13 
 
 
 
Global proxy 
Emile-Geay et al. 2013 -0.32 (p<0.01) 0.07 
Li et al. 2013 -0.38 (p<0.01) 0.08 
Braganza et al. 2009 -0.09  0.02 
Wilson et al. 2010 -0.32 (p<0.01) 0.09 
McGregor et al. 2010 -0.26 (p<0.01) 0.10 
Mann et al. 2000 -0.26 (p<0.01) 0.09 
Stahle et al. 1998 -0.27 (p<0.01) 0.08 
 
NA Tree ring 
Li et al. 2011 -0.19 (p<0.05) 0.14 
Cook et al. 2008 -0.30 (p<0.01) 0.12 
D’Arrigo et al. 2005 -0.31 (p<0.01) 0.09 
Table 3.1 shows that correlations between PC1 and Niño (0) are relatively high and 
largely significant at the 1% confidence level, whereas correlations between PC2 and 
Niño (1) are insignificant. Here 0 denotes the ENSO developing year and 1 denotes the 
ENSO decaying year with respect to JJA rainfall, since ENSO tends to peak toward the 
end of the calendar year (0). The above result indicates that the relationship between the 
developing ENSO and summer (JJA) precipitation over the MC, India and northern 
China (REOF1) is robust. However, during the decaying phase of ENSO, the summer 
precipitation over the YRV (REOF2) is more variable and overall insignificant in 
response to the eastern Pacific SST anomalies.  
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The two types (global proxy- and North America (NA) tree ring-based) indices show 
largely equal strength in their relations with the RAP, except that Braganza et al. (2009) 
and Li et al. (2011) show lower correlations (Table 3.1). Previous studies have shown a 
significant relationship between the tree ring width chronologies in NA and in Asia on 
the interdecadal and longer timescales (Fang et al. 2015; Li et al. 2013). One concern is 
that the correlations here between the RAP and the NA tree ring-based Niño indices 
could be largely due to the trees. I cannot completely rule out this possibility since the 
RAP is partially derived from the tree ring width chronologies in Asia, but the fact that 
the global proxy-based indices show similar correlations indicates that such relation is 
likely a true signal between precipitation and ENSO reflected by indices from various 
proxy types. Among the global-proxy based reconstructions, Li et al. (2013) uses the first 
two PCs from the MADA (Cook et al. 2010a), which share many tree ring chronologies 
with the RAP over central Asia and the MC (Li et al. 2014). I decided to retain Li et al. 
(2013) reconstruction, however, because (1) it shows good quality compared with 
observed DJF Niño index (r=0.75, p<0.01); and (2) it is largely independent with the 
RAP in regions other than central Asia and the MC. Besides, sensitivity testing shows 
that excluding Li et al. (2013) Niño index would not change the conclusions. 
Figure 3.4 and Figure 3.5 show the spatial patterns of correlations between Niño indices 
and rainfall during the ENSO developing and decaying phases, respectively. During the 
ENSO developing phase (Figure 3.4), the observed Niño-monsoon (May to Oct.) 
relationship largely resembles the pattern of RAP REOF1. Niño index reconstructed by 
Li et al. (2013) shows the highest PCC and lowest normalized RMSE, followed by that of 
Cook et al. (2008) and Emile-Geay et al. (2013). During the decaying phase (Figure 3.5), 
the PCCs are significantly lower. Niño index reconstructed by Cook et al. (2008) yields 
the best performance, followed by that of Li et al. (2013). Based on the above 
evaluations, I selected the top four, which are Niño reconstructions by Li et al. (2013), 
Emile-Geay et al. (2013), Cook et al. (2008) and D’Arrigo et al. (2005) to further analyze 
the long-term variability of the AM-ENSO relationship. 
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Figure 3.4 Spatial patterns of correlations between Niño indices and the RAP during 
ENSO developing years from 1901 to 2010 in comparison with observed correlation 
map. Dotted areas are significant correlations at the 90% level and higher (2-tailed). 
Numbers are PCCs and numbers in prentices are normalized RMSEs. 
 
Figure 3.5 Same as Figure 3.4, except for the relationship between Niño indices and the 
RAP during the ENSO decaying years. 
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3.5. Secular changes of the AM-ENSO relationship in the past 544 years 
In order to investigate the long-term relationship between the RAP and ENSO, I use the 
four proxy ENSO indices described in Section 3.3 and 3.4.  
3.5.1. ENSO developing phase 
Figure 3.6 shows the RAP response to developing El Niño events for the present (1901 to 
2010, Figure 3.6b) and the past (1470 to 1900, Figure 3.6a). The pattern for the pre-1900 
period largely resembles the one after 1900, especially for the key monsoon subsystems. 
Reduced rainfall is found over India, northern China and the MC, whereas enhanced 
rainfall occurs over central Asia. Differences also exist. For example, the positive 
correlations over the western China (35-45oE, 85-100oE) were negative before 1900; the 
negative correlations over southern China and along the Yangtze River after 1900 were 
nearly normal before 1900. 
 
Figure 3.6 Relationship between Asian summer precipitation and developing ENSO 
events. Spatial patterns of correlations between Niño index and the RAP in ENSO 
developing Niño years for the periods of (a) 1470 to 1900 and (b) 1901 to 2010. Maps are 
averaged from four Niño reconstructions. Dotted areas are significant correlations at the 
90% level and higher (2-tailed). 
Four regions of significant correlations are identified, including the MC (9oS-15oN; 100-
143oE), India (11-30oN, 61-87oE), northern China (35-55oN, 103-120oE), and 
northwestern China-central Asia (37-44oN, 65-85oE). Time evolutions of the summer 
precipitation-ENSO relationship over the four regions are shown in Figure 3.7. The 
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summer precipitation over the MC is significantly negatively correlated with the Niño 
indices except during the first half of the 19th century (Figure 3.7a), and the average of 
the 51-year rolling correlation for all four indices is -0.31. It’s also noteworthy that the 
relationship is largely stable over time on multidecadal to centennial timescales (lines in 
Figure 3.7a). Slightly weakened correlations appear between 1740 and 1840. The 
relationship becomes strong after around 1860 to the end of the 20th century. On the 
interdecadal timescale (shading in Figure 3.7a), very few breaks of positive correlation 
occur around 1800, but they are not significant (Figure 3.7a). Meanwhile negative 
correlations dominate (overall r=-0.33), and significant negative correlations are more 
frequent.  
The Indian rainfall-ENSO relationship (Figure 3.7b) is overall negative (r=-0.16). 
However, large fluctuations appear with periods of insignificant correlations and zero or 
slightly positive correlations on multidecadal to centennial timescales (lines in Figure 
3.7b). On the interdecadal timescale (shading in Figure 3.7b), decades of positive 
correlations are found around 1520, 1570, 1730, and 1850, albeit insignificant. A similar 
case is found with respect to the northern China rainfall-ENSO relationship (Figure 3.7c). 
In fact, the correlations between the Indian rainfall-ENSO and northern China rainfall-
ENSO relationships are as high as 0.72 on the interdecadal timescale, and 0.79 on 
multidecadal to centennial timescales, indicating coherent low-frequency changes over 
the two regions for the past 500 years. Periods with a strong ENSO tie are seen from 
around 1620 to 1700, and from around 1950 to 1990 for both India and northern China 
(Figure 3.7b, c), which coincide with the periods of strengthened MC rainfall-ENSO 
correlations (Figure 3.7a). It is noteworthy that the ENSO tie with the Indian and northern 
China rainfall seems to be strengthened since 1620, which nearly concurs with a well-
documented abrupt strengthening of the Indian summer monsoon during the 1600s, as 
shown in an upwelling proxy (Anderson et al. 2002), speleothem records (Sinha et al. 
2011) and the RAP (Shi et al. 2018). For the period of 1620-2010, the correlation 
coefficient between Indian monsoon rainfall and ENSO is -0.23 (p<0.01) and that 
between the northern China rainfall and ENSO is -0.19 (p<0.01).  
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The central Asia rainfall-ENSO relationship is largely positive on both interdecadal 
(r=0.21) and longer timescales (r=0.20) (Figure 3.7d). After 1620 AD, significant 
positive correlations often occur during the periods of strong negative AM-ENSO 
correlations (Figure 3.7 a-c), suggesting likely opposite phases between the AM-ENSO 
relationship and the arid central Asia-ENSO relationship.  
 
Figure 3.7 11-year (shadings) and 51-year (lines) rolling correlations between Niño 
indices and the rainfall indices in ENSO developing years. Shadings are averages of four 
Niño reconstructions. Gray Lines are individual Niño indices and black line is the 
average of them. Dotted lines are cutoff correlations at the 90% significance level with n-
2 degree of freedom (orange lines: DOF=9, gray lines: DOF=49). 
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3.5.2. ENSO decaying phase 
For the ENSO decaying phase, in a similar fashion, I show the rainfall-ENSO 
relationship before (Figure 3.8a) and after 1900 (Figure 3.8b). Apparent differences are 
found between the two. First, positive correlations are found over a large area of central 
Asia-northwestern China after 1900, but the relationship is more inhomogeneous before 
1900. Second, significant negative correlations are found over India and northern China 
before 1900, but very few significant correlations exist after 1900. Third, positive 
correlations are located over the southeastern China before 1900, while after 1900 they 
are located over the YRV. Fourth, over the MC, the correlations are largely negative 
before 1900, while positive correlations prevail after 1900. These remarkable differences 
suggest that during ENSO decaying phases the Asian rainfall-ENSO relationship is 
highly variable over the past five centuries and what is seen today is not a robust long-
term signal.  
 
Figure 3.8 Relationship between Asian summer precipitation and decaying ENSO events. 
Same as Figure 3.6, except for the summer precipitation in ENSO decaying years. 
To find out the changing points of decaying ENSO-AM rainfall relationship over the past 
544 years, I take three regions of interest to examine the time evolution of the 
precipitation-ENSO relationship during the decaying phase of ENSO, which are the 
Yangtze River Valley-southeastern China (YRV-SEC, 23-33oN; 105-125oE), the MC 
(9oS-9oN; 95-143oE), and central Asia (35-50oN, 65-100oE).  
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Figure 3.9 Same as Figure 3.7 except for the correlations between Niño indices and the 
rainfall indices in ENSO decaying years. 
As shown in Figure 3.9, the relationship is nonstationary for all three regions indicated by 
the three indices on both interdecadal timescale (shading) and multidecadal to centennial 
(lines) timescales. The YRV-SEC rainfall-ENSO and MC rainfall-ENSO relationships 
seem to undergo similar low-frequency changes throughout the past 500 years (Figure 
3.9a, b). The correlation between the two rainfall-ENSO relationships is 0.51 (0.39) on 
the centennial (interdecadal) timescale. A noticeable centennial shift from negative to 
positive relationship is found during 1740 to 1760 (lines in Figure 3.9a, b). After 1760, 
the YRV-SEC-ENSO relation is overall positive (r=0.15, p<0.05). Another centennial 
shift is found in the middle-late 16th century but less evident. These results suggest that 
during the ENSO decaying phase the relationship between ENSO and Asian summer 
monsoon rainfall over the YRV-SEC and MC is highly variable on the centennial time 
scale. The Central Asia rainfall-ENSO relationship (Figure 3.9c) is less coherent with 
those between ENSO and YRV-SEC and MC rainfall. After 1700, the correlation is 
largely positive (r=0.20, p<0.01); before 1700, the relation is more variable (r=-0.02, 
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insignificant). The mid-18th century change in the YRV-SEC (MC) rainfall-ENSO 
relationship is evident. The cause of such a sudden change deserves further investigation, 
probably through numerical experiments.  
3.6. Discussion 
3.6.1. Mechanisms of the monsoon-ENSO relationship: present and the past 
Wang and Fan (1999) identified two major convective heat sources that drive the Asian 
summer monsoon system, thus distinguishing the ISM variability with the WNP-EASM 
variability. The former is impacted by the heat source centered in the Bay of Bengal-
India-Arabian Sea region, and the latter is controlled by the convection center anchored 
in the South China Sea and the Philippine Sea. ENSO affects Asian summer monsoon 
through changing the two convective heat sources directly and indirectly (Wang et al. 
2001).  
During a La Niña developing stage, convection over the MC is enhanced under the direct 
response to the enhanced Walker circulation due to atmospheric equatorial wave 
adjustment. The enhanced precipitation heating then excites ascending Rossby waves to 
its west and north of the equator where the Bay of Bengal-India heat source locates, 
causing enhanced rainfall over India. Opposite anomalies occur during an El Niño 
episode. The coherent change of ISM and EASM in REOF1 reflects the impact of 
anomalous Indian convection on northeast EASM through a “Silk Road” zonal wave train 
pattern during boreal summer (Enomoto et al. 2003). This Silk Road wave train pattern is 
a part of the circumglobal teleconnection (CGT) (Ding and Wang 2005). A schematic 
diagram illustrating these processes can be found in Wang et al. (2017, Figure 9). 
Ashok et al. (2004) show that when a positive IOD event simultaneously occurs with El 
Niño, the ENSO influence on ISM can be reduced by introducing an anomalous 
divergence center in the eastern tropical Indian Ocean. It is also shown that positive IOD 
events amplify the ENSO-induced dryness over the MC. Nevertheless, the ENSO 
influence seems to remain largely dominant and robust. Mooley and Munot (1993) have 
shown that the ISM is consistently negatively correlated with a developing ENSO from 
1871 to 1990.  
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REOF2 (Figure 3.1a) represents strengthening of the subtropical EASM rain belt during a 
rapid decay of El Niño when the heat source over the Philippine Sea is suppressed due to 
enhanced WNP subtropical high (SH). The opposite is nearly true during the decay of 
strong La Niña events. During the decaying phase of a strong El Niño, the El Niño-
induced WNP anticyclonic anomaly (WNPAC) can interact with underlying dipolar SST 
anomalies in the Indo-Pacific warm pool, thereby maintaining the WNPAC and leading 
to a prolonged Niño impact on East Asia (Wang et al. 2000a, 2013b). A weak El Niño, 
during its rapid transition to La Niña, may also enhance the post-El Niño summer rainfall 
over the Yangtze River Catchment, nevertheless through a different physical process: the 
WNPAC re-emerges as a forced response to the rapid cooling in the central-eastern 
Pacific (Wang et al. 2017a).  
Wang et al. (2017) have shown that over the past 60 years, the only robust seasonal signal 
for EASM is the wet (dry) anomalies over central North China during the La Niña (El 
Niño) developing summer. The response of rainfall variability over the middle and lower 
reach of the YRV during the ENSO decaying summer largely depends on the ENSO 
intensity (Wang et al. 2017a). Besides, the migratory nature of the EA subtropical frontal 
zone and the associated rainfall variability on the subseasonal timescale also contributes 
to the relatively weak PC2-ENSO correlation (Table 3.1). The background mean state in 
tropical and North Pacific SSTs also plays a role in altering WNP convective anomaly 
(Wu and Wang 2002) and thus changing the EASM-ENSO relationship.  
It seems that the afore-discussed mechanisms for the modern AM-ENSO relationship 
can, to a great extent, work for the past as well. During the ENSO developing phase, the 
ENSO induced chain reaction of precipitation anomalies over the MC and through India 
to northern China is shown by the overall coherent variations displayed in Figure 3.7a, b 
and c. The ENSO-rainfall relations over the MC and India are less coherent and largely 
non-linear, maybe reflecting the aforementioned IOD influences on the ISM. The in-
phase and opposite-sign relationship over central arid Asia (Figure 3.7d) can be explained 
by the monsoon-desert coupling mechanism (Hoskins and Wang 2006), which attributes 
the drying to the interaction between the anomalous monsoon heating-induced circulation 
anomalies and the mean westerly flow. It is quite remarkable that despite of the large 
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uncertainties associated with proxy reconstructions, such a chain-reaction system is still 
discernable and sustained for almost five centuries. During the ENSO decaying phase, the 
large interdecadal to centennial variations over the past 500 years (Figure 3.9) echo the 
highly variable EASM-decaying ENSO relationship in the present. Such a relationship is 
proved to be rather fragile and nonstationary over time. 
3.6.2. Possible reasons for the multidecadal to centennial changes of the monsoon-
ENSO relationship  
It is a great challenge to fully explain the causes of secular (interdecadal-centennial) 
changes in the RAP-ENSO relationship shown in Figure 3.7 and Figure 3.9, because (1) 
the fitted reconstruction data are insufficient and different proxies usually have large 
discrepancies, and (2) models have limited skills in simulating interdecadal-centennial 
variations. Here I further examine the Pacific Decadal Oscillation (PDO) and long-term 
changes in ENSO intensity as an effort to detect possible factors that may contribute to 
low-frequency variations of the monsoon-ENSO relationship. The external effective 
radiative forcing is not examined because it is not independent from the ENSO intensity 
on this timescale (r=0.62, p<0.01). 
Figure 3.10a shows normalized PDO induces derived from five groups and their 
ensemble mean. Note the considerable spread among the five proxy PDO indices. 
Nevertheless, similar evolutions between the PDO and the ISM-developing ENSO 
relationship (Fig. 7b) as well as the EASM-developing ENSO relationship (Fig. 7c) are 
notable. The correlation between the ISM-ENSO (EASM-ENSO) relation and 51-year 
smoothed PDO ensemble is 0.64 (0.77, p<0.01). In particular, the strengthening ISM-
ENSO relation at 1620 coincides a phase reversal of the PDO. The weakened EASM-
ENSO relation from 1900 to 1940 is also accompanied by a period of positive PDO.  
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Figure 3.10 11-year (shadings) and 51-year smoothed normalized PDO indices (a) and 
ENSO amplitude variability (b). Black lines are ensemble means. Five PDO indices 
include D’Arrigo et al. (2001, 1700 and 1790 reconstructions), MacDonald and Case 
(2005), Shen et al. (2006), and Biondi et al. (2001). Six Niño indices include D’Arrigo et 
al. (2005), Cook et al. (2008), Braganza et al. (2009), Li et al. (2011; 2013), Emile-Geay 
et al. (2013). Gray bars mark the characteristic periods of 1740 to 1760, and 1900 to 
1940; yellow lines mark the characteristic years 1620 and 1860. 
The ENSO intensity (Figure 3.10b) seems to be linked to the MC rainfall-developing 
ENSO relation (Figure 3.7a). After around 1860, strengthened ENSO corresponds to 
strengthened monsoon-ENSO tie over the MC (Figure 3.7a). The correlation between 
MC rainfall-ENSO relation and the ENSO intensity is -0.43 (p<0.05) on the multidecadal 
to centennial scale. For the AM rainfall-decaying ENSO relationship (Figure 3.9), it 
seems that its centennial change may be more related to the centennial variations of the 
ENSO intensity (Figure 3.10b). The correlations of 51-year smoothed ENSO intensity are 
0.25 (p<0.20) with the YRV-SEC rainfall-ENSO relation, 0.40 (p<0.10) with both those 
of the MC rainfall and Central Asian rainfall. The largely strengthened ENSO amplitude 
since 1720 (Figure 3.10b) could cause the dramatic sign-changes in monsoon-ENSO 
relationship around 1740 and 1760 over the MC (Figure 3.9b) and YRV-SEC (Figure 
3.9a) regions.  
a 
b 
 53 
Due to the limited quality of the proxy data, the causes of the secular change of the AM-
ENSO relationship discussed above remain to be confirmed. The causality between PDO 
and ENSO-AM relationship remains elusive. It is likely that the centennial variations of 
the ENSO intensity are more important in modulating the monsoon-ENSO relations 
during the decaying phase of an El Niño.  
3.7. Conclusions 
The RAP records phase-dependent influences of the ENSO on Asian summer 
precipitation since 1470. Two major modes of interannual variability are identified. The 
first mode features coherent variations over the MC, India and northern China, and this 
“chain reaction” is associated with the developing phase of the low-frequency (5-year) 
component of ENSO. The second mode shows variation centers over the YRV, which is 
associated with the decaying phase of ENSO and/or the rapid transition of the biennial 
component of ENSO. Mechanisms for the modern monsoon-ENSO relationship can be 
extended back in time, and still provide reasonable explanations for the past monsoon 
behavior before the instrumental period.  
During the ENSO developing phase, the AM-ENSO relationship is relatively stable albeit 
periods of breaks occasionally take place on the interdecadal timescale. The MC-India-
northern China chain-reaction in response to ENSO tends to be largely steady since 
around 1620. Meanwhile, the MC rainfall-ENSO relation is more robust than the ISM-
ENSO relation, likely due to the counter-impact of the IOD on the ISM. Of interest is that 
the ENSO tie with the Indian and northern China rainfall tends to be strengthened in the 
early 1600s, concurring with the abrupt strengthening of the Indian summer monsoon. 
During the ENSO decaying phase, the rainfall-ENSO relationship has gone through large 
interdecadal to centennial changes over the YRV-SEC, the MC and the central Asia for 
the past five centuries. An evident sign reversal in the rainfall-ENSO relationship over 
the YRV-SEC and the MC occurred from 1740 to 1760, which is suggested by various 
Niño proxies and their ensemble.  
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It remains a great challenge to understand the causes of the secular (interdecadal-
centennial) changes in the Asian summer monsoon (ASM)-ENSO relationship. 
Nevertheless, evidence presented shows that the Pacific Decadal Oscillation is linked to 
multidecadal to centennial change of ASM-ENSO relationship (Figure 3.10a), especially 
for the ISM and EASM during the ENSO developing phase (Figure 3.7b,c). The 
strengthening ISM-ENSO relation at 1620 coincides with a phase reversal of PDO 
(Figure 3.10a); the weak EASM-ENSO relation from 1900 to 1940 also concurs with a 
positive phase of PDO (Figure 3.10a). During the ENSO decaying phase (Figure 3.9), on 
the other hand, the centennial reversal of sign of the YRV-SEC (MC) rainfall-ENSO 
relation from 1740 to 1760 seems to follow an overall strengthening of ENSO intensity 
since 1720 (Figure 3.10b).  
The present results are made based on the ensembles of various proxy reconstructions 
with considerable spreads. While it does not clarify the reasons for the secular change of 
the complicated AM-ENSO relationship, it provides a reasonably comprehensive 
documentation of the interdecadal through centennial changes of the ENSO association 
with various Asian monsoon components. While one should not overlook the effects of 
external forcing such as solar-volcanic and greenhouse gases, fluctuations of the ASM-
ENSO relationship on the multidecadal to centennial scale are likely dominated by 
internal processes within the coupled climate system. However, concrete conclusions can 
only be drawn after further testing with plausible numerical simulations.  Future research 
should continue focusing on discovering possible causes of the low-frequency changes in 
the monsoon-ENSO relationship using general circulation models and paleoclimate proxy 
reconstructions. 
Citation: Shi, H., and B. Wang, 2018: How does the Asian summer precipitation-ENSO 
relationship change over the past 544 years? Clim. Dyn., doi:10.1007/s00382-018-4392-
z. http://link.springer.com/10.1007/s00382-018-4392-z  
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Chapter 4. Proxy evidence of decadal to 
centennial variations of Asian summer 
precipitation since 1470  
4.1. Abstract 
spiring features of decadal, multidecadal and centennial variations of the 
Asian summer precipitation are revealed by analysis of the new 
Reconstructed Asian summer Precipitation (RAP) dataset from 1470 to 
2013. Significant low-frequency periodicities of the All Asian Rainfall (AAR) index are 
found on decadal (8-10 years), quasi-bidecadal (22 years), and multidecadal (50-54 
years), as well as centennial time scales. The decadal and multidecadal peaks are mainly 
from the monsoon Asia and Maritime Continent, while the 22-year peak is from the arid 
Asia. A remarkable abrupt shift of leading frequency from multidecadal to decadal is 
detected around AD 1700 across the entire Asian land, which nearly concurs with a 
dramatic upswing of the AAR. The leading EOF modes on the decadal, multidecadal and 
centennial time scales all exhibit a similar spatially uniform structure, suggesting a cross-
time scale, in-phase variation of the rainfall across the continental Asia. The leading 
decadal mode shows that an enhanced AAR is associated with a mega-La Niña, a warm 
extratropical North Atlantic and cool tropical South Atlantic. The leading multidecadal 
mode is significantly correlated with the reconstructed Atlantic Multidecadal Oscillation 
(AMO) index as well as the proxy mega-ENSO index. Centennial variation of the AAR 
follows more closely the volcanic forcing variation, while is uncorrelated with solar 
forcing variability. Note that both the AAR-mega-ENSO and AAR-AMO relationships 
are nonstationary and experienced significant secular changes, especially around AD 
1700; so is the AAR-volcanic forcing relation. Comparison with previous results and the 
uncertainties involved are discussed in detail. 
 
A 
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4.2. Introduction 
The Asian monsoon and global monsoon vary across timescales (Wang 2006a; Wang et 
al. 2014, 2017c). The recent half century has witnessed significant interdecadal changes 
of the East Asian summer monsoon (EASM) in the late 1970s and the early 1990s (1992-
94) in terms of precipitation pattern (Ding et al. 2008, 2009; Zhou et al. 2009; Kwon et al. 
2007; Yim et al. 2014). Interdecadal shift of the India summer monsoon (ISM) from 
above normal and below normal was observed around 1970 (Goswami 2006), followed 
by decrease of potential predictability in the mid- to late- 1970s (Goswami 2004). Since 
the late 1970s, the inverse relationship between the ISM rainfall and Niño-3.4 SST 
anomalies had broken down (e.g., Kumar et al. 1999). Concomitantly, a notable change 
between the EASM and ENSO in northern China and Japan has emerged (Wu and Wang 
2002), and the negative correlation between Indonesian monsoon rainfall and ENSO has 
become enhanced (Chang et al. 2004). Wang et al. (2008) showed that since the late 
1970s the relationships between ENSO and the western North Pacific, East Asian, and 
Indonesian monsoons have all become enhanced during ENSO’s developing, mature, and 
decaying phases, overriding the weakening of the Indian monsoon–ENSO anticorrelation 
during the developing phase. The strengthening of overall coupling between the Asian-
Australian Monsoon (A–AM) system and ENSO was attributed mainly to the 
amplification of ENSO amplitude. However, the instrumental data is too short for a 
robust analysis of the multidecadal to centennial variability of the monsoon.  
Several studies have analyzed proxy monsoon records spanning the past millennium or 
two, most of which focus on the ISM (Zhu and Wang 2002; Sinha et al. 2011, 2015; 
Sankar et al. 2016; Shi et al. 2017a; Goswami et al. 2016). Since the decadal to centennial 
variations and responses to external forcing often occur beyond regional scales, it is more 
proper to look at larger spatial scale rainfall reconstructions for detecting coherent 
changes of the EASM and ISM, as well as adjacent regions in Asia. This has not been 
done. 
Among the major challenges to understand decadal to multidecadal climate variability are 
to distinguish whether such changes arise from internal coupled dynamic modes or are 
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driven by forcings external to the coupled climate system, as well as to determine their 
relative contributions. In the groundbreaking work of Wang et al. (2013), the decadal 
variations of the Northern Hemisphere (NH) summer monsoon rainfall are largely 
attributed to internal coupled dynamics even under a warming climate of 20th century. A 
500-year preindustrial control run with a coupled Earth System Model (NUIST-ESM, 
Cao et al. 2015, 2018) supported the view that the multidecadal NH monsoon variations 
are likely results of internal variability of the earth climate system (Wang et al. 2018). 
Two major sources of predictability for decadal variations of NH land monsoon rainfall 
are identified: North Atlantic-Southern Indian Ocean SST dipole measured by the NAID 
index and Interdecadal Pacific Oscillation (IPO)-like east-west Pacific Ocean SST 
contrast measured by the mega-ENSO index (Wang et al. 2018). It has been shown that 
skillful prediction of the NH land monsoon rainfall can be made a decade ahead by using 
a hybrid dynamic-empirical model. One may question the uncertainties associated with 
the model, or the nonstationarity associated with the empirical forecasting techniques. 
Now with increasing availability of long-term proxy records, I can look at these questions 
with reconstructed rainfall and SST indices, as proxy evidences alongside the model 
simulation results to better address the uncertainty issue. 
Centennial variability of the global monsoon has been attributed to, through forced 
coupled model experiments, the effective radiative forcing, namely the combination of 
solar and volcanic forcing (Liu et al. 2009, 2012). It is worth to examine how well the 
Asian summer precipitation responds to the same external forcing on the centennial 
timescale with reconstructed proxy records. 
Building upon our previous work of the Reconstructed Asian summer Precipitation (RAP) 
(Shi et al. 2018), here I present an in-depth analysis of the low-frequency variations of 
the past Asian summer precipitation on the decadal, multidecadal and centennial 
timescales.   
4.3. Data and methods 
The RAP dataset is a gridded 544-year (from AD 1470 to 2013) summer (primarily June-
July-August, JJA) precipitation reconstruction generated by merging two complementary 
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proxies including 453 tree ring width chronologies and 71 historical documentary records 
over the Asian land region (8.75°S to 55.25°N, 61.25°E to 143.25°E) (Shi et al. 2018). 
Skillful reconstruction is found over various parts of Asia. It has been demonstrated the 
RAP dataset well captures the large-scale year-to-year rainfall variability over the EASM 
and ISM domain (together they are referred to as the Monsoon Asia), as well as the arid 
central Asia, and the perennial rainfall region of the Maritime Continent (MC) during the 
20th century (Shi et al. 2018). The RAP is also in general agreement with other proxies 
(speleothems and ice cores) during the period of 1470-1920. The remarkably abrupt 
change of the ISM during the 1600s recorded in the upwelling proxy over the Arabian 
Sea is also captured by the RAP (Shi et al. 2018). 
To examine the global SST patterns associated with the decadal-multidecadal variations 
of the RAP over the industrial period, I have examined several long records of 
instrumental SSTs. The Kaplan Extended SST V2 (1856 to present) is derived by 
statistically combining the monthly anomalies from the United Kingdom Meteorological 
Office historical SST data set (MOHSST5) of the Global Ocean Surface Temperature 
Atlas (GOSTA) (Kaplan et al. 1998) and the NOAA operational global SST analysis with 
in situ (ship and buoy) and satellite SST (Reynolds and Smith 1994). The spatial 
coverage of the Kaplan SST data is much better than that of the Hadley Centre SST data 
set (HadSST2) before 1900 (Nick A. Rayner et al., 2006,  
https://www.metoffice.gov.uk/hadobs/hadsst2/). Thus, the Kaplan Extended SST V2 
dataset is used in this study. The data were provided by the NOAA/OAR/ERSL PSD, 
Boulder, USA (https://www.esrl.noaa.gov/psd/data/gridded/data.kaplan_sst.html). The 
Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST) (Rayner 2003, 
https://www.metoffice.gov.uk/hadobs/hadisst/) from 1870 to 2013 is also used to 
determine the SST pattern associated with the constructed proxy mega-ENSO indices. 
This work also utilizes a collection of climate reconstructions over the Common Era 
overlapping with RAP, including both internal dynamic variables and external forcing. 
First, the recent reconstruction of global hydroclimate and dynamical variables (Steiger et 
al. 2018), which combine 2,978 paleoclimate proxy data with the physical constraints 
from an atmosphere-ocean climate model, was used. I selected the gridded 2-m air 
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temperature reconstruction and the reconstructed Atlantic Multidecadal Oscillation 
(AMO) index from this product. Two additional AMO indices (Mann et al. 2009; Wang 
et al. 2017b) and one NIÑO4 index (Liu et al. 2017b) were used. Besides, the global 
surface temperature filed reconstructed by Mann et al. (2009) were used.  
Two last millennial forcing reconstructions (Crowley 2000; Mann et al. 2005) together 
with various reconstructed total solar irradiance (TSI) series (Schmidt et al. 2012; Vieira 
et al. 2011; Shapiro et al. 2011) and ice-core based volcanic eruption indices (Gao et al. 
2008 and V2; Sigl et al. 2015) were used to investigate the precipitation response to 
external forcing. The details of procedures with which these proxy datasets were 
constructed are referred to the original literature and for brevity they are not repeated 
here.  
Spectral analysis and wavelet analysis were applied to detect periodicities and their long-
term changes. For the spectral analysis, the forward Fast Fourier transformation was used 
with the modified Daniell window with span of 4 (averaging 3 periodogram estimates). 
Continuous wavelet transform was applied to obtain wavelet power spectrum of the 
normalized variance of target time series (Torrence and Compo 1998). The software used 
was provided by A. Grinsted (http://www.glaciology.net/wavelet-coherence). 
The empirical orthogonal function (EOF) analysis was utilized to display spatial features 
of the leading variability modes on different timescales. On each timescale, the EOF 
analysis was conducted during the time periods when the targeting periodicity is 
dominant based on the results of the wavelet analysis. For example, decadal EOFs were 
calculated during the 1700 to 1950 period when the 10- and 22-year periodicities are 
dominant; the multidecadal EOFs were calculated during 1470 to 1700 period when the 
50-54 year periodicities are dominant. The centennial EOFs were calculated for the entire 
544 years.  
To extract signals of different frequencies, a 4-year running mean minus 21-year running 
mean was applied to the data (the RAP and SSTs) to extract the decadal component; a 21-
year running mean minus 45-year running mean was applied to extract the multidecadal 
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component; and a 45-year smoothing minus trend was applied to the data to obtain the 
centennial component. I conducted sensitivity tests by comparing the results derived from 
two band-pass filtering methods with 8 to 40 year band-pass for decadal signal, 40 to 80 
year band-pass for multidecadal signal, and 80-year low-pass onto detrended data for 
centennial signal. Compared to the Lanczos bandpass/lowpass filtering (Duchon 1979), 
the running average method used here preserves the power/magnitude of each component 
better without losing much data on each end of the record. While the Butterworth 
bandpass filter (Russell 2006) could not effectively generate any multidecadal signal after 
around 1900 compared with both the Lanczos bandpass filtering and the running average 
method.  
Statistical tests for correlation and regression coefficients between the RAP and observed 
SSTs are determined by the effective degrees of freedom after taking into account of 
autocorrelations (Livezey and Chen 1983). When correlating the RAP with other 
reconstruction series, the correlation coefficients are considerably lower. In these cases, 
the statistical significance of correlation coefficients is determined with a simplified 
Monte Carlo method following Hope (1968), which is a relatively less strict test but still 
enables meaningful interpretations. 
4.4. Decadal-to-centennial variability of the Asian summer rainfall 
4.4.1. Major low-frequency periodicities of all Asian summer rainfall  
To examine the low-frequency variability of the Asian summer rainfall, I first hope to 
identify the leading periodicities, and the periods during which they dominate. To this 
end, I first constructed an All Asian summer Rainfall Index (AARI) by area-weighted 
averaging summer precipitation over the entire Asian land.  The rationale for making the 
AARI lies in the fact that the leading EOF modes on decadal, multidecadal and 
centennial time scales all show a nearly homogenous spatial pattern (4.4.3). Figure 4.1 
shows the time series of AARI from 1470 to 2013.  
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Figure 4.1 Yearly AARI (mm/summer) from 1470 to 2013. The red line is the mean 
precipitation (303mm) over the entire 544 years 
 
Figure 4.2 Power spectra for the AARI and regional boreal summer rainfall indices. Blue 
lines are the Markov Red Noise spectra. Red and orange dash lines indicate upper (lower) 
confidence bounds at 95% and 90% significance levels, respectively. 
Spectral analysis of the yearly AARI reveals four major significant spectral peaks: 
decadal (8-10 years), quasi-bidecadal (22 years), multidecadal (50-54 years), and 
50-54 
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possibly on centennial and longer time scale (Figure 4.2a). The centennial rhyme detected 
here appears to be consistent with the periodicity found by Liu et al. (2009) for the NH 
summer monsoon. The 8-10-year and ~50-year periodicities are also found in the EOF2 
and EOF3 modes in Shi et al. (2018).  
The wavelet analysis has detected an interesting and surprising shift of decadal-
multidecadal variations that occurred around AD 1700 (Figure 4.3): Before AD 1700, the 
50-year peak is the only significant and dominant periodicity (Figure 4.4, first column 
top), and after AD 1700, the decadal and 22-year peaks emerge and become significant 
periodicities (Figure 4.4, first column bottom). 
 
Figure 4.3 Wavelet of the AARI for 1470 to 2013 period. 
 63 
 
Figure 4.4 Change of the dominant periodicity in Asian summer rainfall around AD 
1700. The top and bottom panels show the power spectra before and after AD 1700, 
respectively, for the AARI and regional boreal summer rainfall indices. Blue lines are the 
Markov Red Noise spectra. Red and orange dash lines indicate upper (lower) confidence 
bounds at 95% and 90% significance levels, respectively. 
4.4.2. Regionality of the decadal to multidecadal variation of the Asian summer 
precipitation 
To examine the regionality of the periodicities of the Asian summer rainfall, the entire 
Asian domain is further divided into three sub-regions: (i) the Monsoon Asia, following 
the definition of monsoon rainfall domain (Wang and Ding 2008); (ii) the arid Asia, 
defined as the region north and west of the monsoon domain where the summer rainfall 
below 1 mm/day; and (iii) the Maritime Continent (MC) (8.75°S to 10.25°N, 95.25°E to 
143.25°E). These three regions represent three different rainfall regimes. The arid central 
Asia represents semi-arid region and a Mediterranean regime of rainfall (summer dry 
while winter wet) with wet season mainly occurring from December to March. The MC 
is a special region which includes primarily the perennial rain regime (Wang and LinHo 
2002) but also a part of NH and southern hemisphere (SH) monsoon regions in the deep 
tropics. Three regional boreal summer rainfall indices are calculated with area weighting. 
Power spectra of the three yearly regional rainfall indices show that the 22-year peak is 
mainly from the arid Asia (Figure 4.2d), while the 10- and 50-year peaks are from the 
monsoon Asia (Figure 4.2a) and the MC (Figure 4.2c).  
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Spectral analysis is further conducted for the 1470 to 1699 and 1700 to 1950 periods, 
separately based on the finding that an abrupt change of dominant frequency exists 
around AD 1700. As shown in Figure 4.4, all three regions show significant multidecadal 
(50-54 years) peaks before 1700 (top panel). After 1700, 10-year periodicity dominates 
the MC, while 22-year periodicity dominates the arid Asia (bottom panel). Both 10- and 
22-year peaks appear in the monsoon Asia.  
The regional spectral analysis reveals that (i) three sub-regions have collectively 
contributed to the major periodicities of the 544-year AARI, i.e. the 10- and 50-year 
periodicities by the monsoon Asia and the MC, while the 22-year peak by the arid Asia; 
(ii) before AD 1700 all three sub-regions are solely dominated by multidecadal (~50 
year) variation without significant decadal variability; (iii) after AD 1700 all three sub-
regions are dominated by decadal and quasi-bidecadal variations without significant 
multidecadal variation; (iv) the frequency shift from multidecadal to decadal around AD 
1700 is an Asian-wide phenomenon across all three different climate regimes; and (v) the 
decadal variability occurs in the wet monsoon Asia and MC, while quasi-bidecadal 
variability mainly occur in the arid Asia as well as monsoon Asia. 
4.4.3. Leading modes of decadal-to-centennial variability of the Asian summer rainfall 
 
 
Figure 4.5 Leading EOFs on decadal to centennial timescales and power spectra of 
corresponding PCs. 
Decadal EOF1 Multidecadal EOF1 Centennial EOF1 
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Figure 4.5 shows the leading EOF modes on decadal (during 1700 -1950), multidecadal 
(during 1470-1700) and centennial timescales (during 1470-2013), respectively, as well 
as the power spectra of the corresponding PCs. All three EOFs show overall uniform 
wetting patterns with somewhat different maximum loading regions (Figure 4.5). The 
leading decadal mode accounts for about 27% of the total band-filtered variance with a 
sharp peak around 10 years. This peak is dominated by the MC rainfall as the outstanding 
maximum loading is seen over there. The central eastern China also shows a relatively 
high loading at 10-year variability. The leading mode of multidecadal variation with a 
peak around 50 years accounts for a large portion (43%) of the total band-filtered 
variance. Among the three EOFs, multidecadal EOF1 is the most uniform compared with 
the other two. The maximum loading is found over India and East China north of 
Yangtze River. This agrees with modern instrumental analysis from India and northern 
China (Kripalani and Kulkarni 2001), and is also shown by the long-term speleothem 
records in these two regions (Berkelhammer et al. 2010). The leading mode of centennial 
variation shows a 91-year peak and accounts for about one third of the total centennial 
variance with major loading at Boneo and Bangladesh.  
The multidecadal PC1 is highly correlated with all three regional indices (Table 1), 
consistent with the results from spectral analyses of the regional indices shown in the 
upper panels of Figure 4.4. On the other hand, the decadal PC1, correlates with the MC 
and monsoon Asia indices very well but poorly with the arid Asia indices, though 
significant (Table 1), which is also consistent with the results of the regional spectral 
analyses shown in the lower panels of Figure 4.4. Centennial PC1 is highly correlated 
with the monsoon Asia and MC indices but poorly with the arid Asia index. The major 
periodicity (91 years) differs somewhat from the centennial signal in the AARI shown in 
Figure 4.2a.  
Overall, the spatial patterns of the decadal, multidecadal and centennial variations tend to 
share similar spatial structure characterized by nearly in phase variations among the 
rainfall over South and East Asia, as well as the MC. The arid Asia shares the common 
50-year periodicity with other regions before AD 1700; after AD 1700, it is dominated by 
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the 22-year periodicity and is less coherent with the decadal (10-year) and centennial 
variations of other regions. 
Table 4.1 Correlation coefficients between PCs and regional RAP indices on decadal to 
centennial timescales. All CCs (except specified) are statistically significant at 99% 
significance level following Livezey and Chen (1983).  
 All Asia Monsoon Asia Arid Asia MC 
Decadal PC1 (1700-1950) 0.86 0.63 0.39  0.91 
Multidecadal PC1 (1470-1700) 0.96 0.95 0.82 0.86 
Centennial PC1 (1470-2013) 0.93 0.83 0.38 (90%) 0.95 
 
4.5. Causes of the decadal-to-centennial variability of the Asian summer rainfall 
4.5.1. Internal factors associated with decadal PC1 (1700 to 1950) 
 
 
Figure 4.6 Observed decadal SST anomalies (K) regressed onto decadal RAP PC1. 
Dotted areas indicate statistically significant regression at 95% level following Livezey 
and Chen (1983). The SST data used cover the period of 1856-1950. 
In order to understand the origin of the leading modes, I examine the SST anomalies 
associated with the leading decadal PC of Asian summer rainfall (Figure 4.6). Cold SSTs 
are seen over the equatorial central-eastern Pacific Ocean and warm SSTs over the 
subtropical western Pacific and MC, which correspond to the enhanced rainfall over the 
MC, Bangladesh and Yangtze River Valley (Figure 4.5). This SST anomaly pattern bears 
similarity with the Pacific decadal oscillation (PDO) in the North Pacific and the spatial 
SST pattern associated with the mega-ENSO index in the entire Pacific (Wang et al. 
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2013a). Over the North Atlantic, significant warming is found in mid-latitude ocean (40°-
60°N) and cooling in the tropical South Atlantic (0°-30°S). The Indian Ocean features 
significant cooling in the southwestern part. 
4.5.2. Constructing proxy mega-ENSO series 
The mega-ENSO index is defined as the temperature anomalies over the western Pacific 
K-shape region minus the eastern Pacific triangle area (Wang et al. 2013, Figure 4.7). It 
is one of the key indices in studying the decadal variability of the Asian summer 
precipitation and NH land monsoon rainfall. However, no direct reconstruction of the 
mega-ENSO index is found in the literature. Thus, I use two girded global surface 
temperature reconstructions to construct the mega-ENSO index for the period of 1470 to 
2013. To distinguish from the accurate mega-ENSO index from observation, I call it 
proxy mega-ENSO. 
The first one is generated with the 2-m surface temperature reconstruction by Steiger et 
al. (2018), and it is well correlated with the observed mega-ENSO index during 1870-
2013 (r=0.86, p<0.01). The other one is constructed with the surface temperature field 
from Mann et al. (2009), which well reflects the decadal feature of the mega-ENSO 
observation (4-year smoothed index) with a correlation of 0.86 (p<0.01) on the decadal 
timescale during 1870-2013. 
To further justify the constructed proxy mega-ENSO indices, I calculated the correlation 
maps between the proxy mega-ENSO series and 4-year smoothed global SSTs from 1870 
to 2013 (Figure 4.7). Both correlation patterns largely resemble the mega-ENSO pattern 
in the Pacific(Wang et al. 2013a). 
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Figure 4.7 Observed decadal SST anomalies correlated with proxy mega-ENSO indices 
constructed with (a) Steiger and (b) Mann reconstructions. Dotted areas indicate 
statistically significant correlation at 95% level following Livezey and Chen (1983). The 
western Pacific K-shape region and the eastern Pacific triangle regions that are used to 
define the mega-ENSO index was outline by the red lines. 
4.5.3. Internal factors associated with multidecadal AARI (1470-1700) 
To examine the origins of the multidecadal variation of the Asian summer precipitation, I 
need SST data from 1470 to 1700. However, before 1850, no instrumental observation is 
available. So, I focus on the integrated quantities measured by the reconstructed oceanic 
indices.  
Figure 4.8 compared the multidecadal component of the AARI with the multidecadal 
PC1, the reconstructed AMO index, as well as the constructed proxy mega-ENSO index. 
The 15-year smoothed AARI agrees very well with the multidecadal PC1, indicating that 
the AARI faithfully represents the leading mode of multidecadal variability of the entire 
Asia summer rainfall. The AARI is found significantly correlated with the reconstructed 
AMO index (Steiger et al. 2018) with a correlation coefficient of 0.40 (p<0.05). It is also 
significantly correlated with the constructed proxy mega-ENSO based on the 2-m surface 
temperature field (Steiger et al. 2018) (r=0.32, p<0.1). This suggests that enhanced AAR 
a 
b 
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is associated with warm North Atlantic and a mega-La Niña, a conclusion consistent with 
the relationship of NH land monsoon rainfall with AMO, and that with mega-ENSO 
during the instrumental period (Wang et al. 2018). 
 
Figure 4.8 Multidecadal variation of the AARI in relation to PC1, AMO and proxy mega-
ENSO during 1470 to 1700. 
4.5.4. External factors associated with centennial variations of AARI 
The spectral analysis of the effective radiative forcing (ERF), including insolation and 
volcanic forcing, indicates that the dominant periodicity of the ERF is on the centennial 
time scale (Liu et al. 2009). Therefore, I examine its relationship with AARI. Centennial 
variation of the AARI index is in an excellent agreement with the centennial PC1 (Figure 
4.9a). The centennial variation of AARI seems to follow the effective radiative forcing 
(ERF) (Figure 4.9b) (r=0.33, p<0.1). However, by comparing individual forcing of the 
ERF, I found that the AARI does not correlate with the solar forcing (r=-0.01, 
insignificant), but it follows the variation of the volcanic forcing with a correlation 
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coefficient of 0.47 (p<0.05). The result here suggests existence of a significant impact of 
the volcanism on the AARI on the centennial time scale. 
 
Figure 4.9 Centennial variation of the AARI in relation to PC1, effective radiative 
forcing, solar forcing and volcanic forcing. Thin lines are individual reconstructions, and 
the thick lines are average of them 
 
4.6. Secular changes of the decadal monsoon-circulation relations 
In this section, I further examine whether the relationships identified in subsection 4.1 
and 4.3 have changed over the past 544 years, including the relationships between AARI 
and the proxy mega-ENSO, the AMO, and the volcanic forcing. Rolling correlations with 
101-year window between these indices and the AARI are calculated for this purpose and 
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the results are shown in Figure 4.10.  All series are 4-year running means (except the 
proxy mega-ENSO index derived using the data of Mann et al. 2009). Considerable 
spread can be found among the AARI correlations with each individual reconstruction 
(black lines, Figure 4.10), indicating uncertainties exist with the interpretations based on 
their averages (red thick lines, Figure 4.10). 
 
Figure 4.10 Nonstationarity of decadal relationship between AARI and proxy mega-
ENSO, AMO, and volcanic forcing. Black lines are AARI correlations with each 
individual reconstruction, and red thick lines are average of them. Dashed lines are cutoff 
correlations at the 90% significance level based on a simplified Monte Carlo test (Hope, 
1968). 
Figure 4.10 shows that all these relationships are nonstationary. The proxy mega-ENSO-
AARI relationship is largely significantly positive since around 1670, except for a brief 
weakening during the late 1800s and early 1900s. Before 1670, the correlation coefficient 
between AARI and proxy mega-ENSO is near zero and insignificant. The AMO-AARI 
relationship, on the other hand, is significantly positive from around 1600 to 1700. 
Afterwards, the relationship weakens and comes back up around 1930. One thing worth 
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noting is that the AARI-AMO relationship seems to resemble that between the AARI and 
volcanic forcing. 
4.7. Discussion 
4.7.1. Comparison with other observations 
The 11-year and 21-year periodicities of the ISM are known in the literature. The former 
has been linked to the sunspot number variation (Iyengar and Raghu Kanth 2005), and 
the latter to tidal forcing (Campbell et al. 1983). The 50-80-year periodicity is found in 
the ISM with both observation and proxies (e.g. Goswami 2006; Goswami et al. 2016), 
and it has been largely attributed to the impact of AMO (e.g. Goswami et al. 2006; 
Sankar et al. 2016; Zhang and Delworth 2006).  
Decadal to multidecadal periodicities are found in various parts of the EASM domain, 
and leading periodicities include 12 years, 27 years, 30-40 years, and 80 years (Wang et 
al. 2000b; Ding et al. 2008; Zhu and Wang 2002; Zhou et al. 2009). These, however, are 
not very consistent with the coherent changes of the Asian monsoon identified in this 
study, indicating strong regionality of the low-frequency variations of the EASM.  
Using observed data from 1901-2015, Li et al. (2018) discussed the decadal predictability 
of the EA land monsoon rainfall (LMR) and established its linkage with central-eastern 
tropical Pacific cooling and the warming over western tropical Pacific and extratropical 
North Pacific during May to October. Over the Pacific Ocean sector, the SST pattern 
associated with the decadal PC1 (Figure 4.6) largely resembles that in their study, 
suggesting that the AAR and EASM may partially share the same origins of variability 
sources. The SST anomalies associated with the decadal PC1 (Figure 4.6) is also close to 
those associated with the NHLSM (Wang et al. 2018), where the mega-ENSO SST 
pattern dominates the entire Pacific. The warming in the northern Atlantic Ocean is less 
uniform compared with the SST anomalies constructing the North Atlantic-Indian Ocean 
dipole (NAID) index. 
The AMO-ISM relationship is found nonstationary, but its behavior varies from study to 
study. Shi et al. (2017) found well-defined positive correlation between ISM and AMO 
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from late 17th century to the early 18th century, as well as after the late 19th century; 
Sankar et al. (2016) found a positive correlation during the last century and half, but none 
before 1750. Our study shows a good relationship from roughly 1590 to 1690 (Figure 
4.10). Such inconsistency could be due to the monsoon proxy in use, the represented 
region of the proxy, and uncertainties associated with the AMO reconstructions.  
Previous studies also show that the Pacific Decadal Oscillation (PDO) could play a role 
in the multidecadal changes of the ISM across its primary active timescale, since the 
timescale-dependent variations are interlinked (Shi et al. 2017a; Goswami et al. 2016). 
Here in our study the mega-ENSO index by definition largely represents the PDO 
variability (Wang et al. 2013a) and the two are inversely correlated on the decadal 
timescale. Our study shows that the mega-ENSO (western minus eastern Pacific) is 
significantly positively correlated with the monsoon on the multidecadal timescale during 
1470 to 1700 (Figure 4.8). However, when the decadal component is added, the mega-
ENSO-monsoon relationship largely weakened during this time period (Figure 4.10).  Shi 
et al. (2017) shows, though with large divergence among PDO reconstructions, that the 
PDO-ISM relationship might have reversed sign before 1850 or earlier. Both studies 
suggest that the PDO-monsoon relationship is very likely nonstationary. 
Previous studies have shown significant centennial (107 years) and quasi-bicentennial 
(192 years) periodicities of the global monsoon (Liu et al. 2009, 2012), which generally 
agrees with those found in the AARI (91 years and 181 years). Recently, increasing 
number of research have concluded that volcanic forcing plays a significant role in 
monsoon variability (e.g. Liu et al. 2016, 2017a, 2018), and the climate impacts of 
volcanic eruptions can last beyond decades through changing ocean heat content and 
circulation (Robock 2000; Slawinska and Robock 2018; Stenchikov et al. 2009). Our 
results concur with the significant impacts of volcanic eruptions on the Asian summer 
precipitation on the decadal to centennial timescales (Figure 4.9 and Figure 4.10).  
4.7.2. The AD 1700 shift  
Various proxy sources including the RAP have recorded a remarkable strengthening of 
the ISM during the 1600s (Sinha et al. 2011; Shi et al. 2018; Anderson et al. 2002). The 
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AARI also shows strengthening since about 1640 (Figure 4.1). Sinha et al. (2011) 
suggests that there is likely a regime shift of the ISM from break spell-dominated during 
1400-1700 to active spell-dominated during 1700-2007.  
One interesting finding worth noting in this study is that AD 1700 marks several evident 
changes in the AAR and its relationship with other major modes of climate variability. 
Such changes include: (i) the leading periodicity of AARI shifts from multidecadal (50-
55 years) to decadal (10 and 22 years) (Figure 4.2) across all Asian land areas (Figure 
4.4); (ii) the monsoon and mega-ENSO relationship strengthens as the decadal signals 
become dominant (Figure 4.10); and (iii) the monsoon-AMO and monsoon-volcano 
correlations drop around AD 1700 (Figure 4.10). Coincide with this shift, recent study of 
Shi and Wang (2018) found a centennial reversal of EASM-decaying ENSO relation 
around 1750.  
What cause these abrupt changes in the Asian summer rainfall and their relationship with 
mega-ENSO and AMO? I speculate that both internal and external factors might be at 
play.  
Internally, the shift of the leading periodicity of AARI from multidecadal (50-55 years) to 
decadal (10 and 22 years) may be linked to the changes in the decadal properties of the 
central Pacific (CP) El Niño events. Using a newly reconstructed NIÑO4 index, which 
well represents CP El Niño events (Liu et al. 2017b), I found that the decadal signal (10-
year periodicity) becomes more significant during 1700 to 1950 period compared with 
that during 1470 to 1699 (Figure 4.11).  
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Figure 4.11 Same as Figure 4.4 but for NIÑO4 reconstruction (Liu et al., 2017) for (a) 
before and (b) after 1700 
Externally, the AD 1700 climate shift could be linked to changes in solar and volcanic 
activities associated with the background climate change from the Little Ice Age (LIA) to 
current warming. Research has shown that AMO is influenced by external forcing and 
aerosol emissions (Booth et al. 2012; Otterå et al. 2010; Wang et al. 2017b). During the 
LIA, frequent volcanic eruptions seem to have enhanced its impacts on the AMO (Figure 
4.12). The correlation between 15-year smoothed volcanic forcing series and the AMO is 
0.58 (p<0.01) before 1850, compared with 0.36 (insignificant) after 1850. Before 1700, 
58% of the variance of the AMO can be explained by the volcanic forcing (r=0.76, 
p<0.01), suggesting a strong tie between the two during this time period. After 1700, the 
correlation decreases, and the AMO-monsoon relation starts weakening (Figure 4.10).  
The change of decadal variability around AD 1700 might also be related to changes in the 
11-year solar cycle. Recent research by Jin et al. (2018) shows that during an epoch of 
strong 11-year solar cycle, this quasi-decadal insolation cycle can force a decadal 
variations of the EASM through exciting an anomalous SST pattern resembles that 
associated with the PDO. I noted that roughly after the Maunder Minimum (from 1645 to 
1715, Eddy et al. 1976), solar irradiation is on the ascending half of a quasi-bicentennial 
cycle, during which the 11-yr solar activity increases (Abdussamatov 2016, 2015), As a 
result, the decadal (10-year) monsoon variability is expected to be enhanced since 1700. 
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Figure 4.12 AMO and volcanic forcing since 1470. Shown are 15-year running averaged 
series. Thick lines are averages of all reconstructions. Thin lines are individual 
reconstructions, and the thick lines are average of them 
4.8. Conclusions 
Using the new Reconstructed Asian summer Precipitation (RAP) dataset (Shi et al. 2018) 
from 1470 to 2013, decadal to centennial variations of the Asian summer precipitation 
was examined. Some interesting findings are summarized as follows. 
(i) Significant decadal (8-10 years), quasi-bidecadal (22 years), and multidecadal (50-54 
years) periodicities are found in the area-averaged All Asia Rainfall Index (AARI). An 
evident frequency shift from multidecadal (50-54 year) to decadal occurred around AD 
1700 (Figure 4.2 and Figure 4.3).   
(ii) Further examination of three regional indices, which are area-weighted rainfall over 
the monsoon Asia, maritime continent (MC) and Arid Asia, indicates that the 10- and 50-
year peaks are from the monsoon Asia and MC, while the 22-year peak is mainly from 
the arid Asia (Figure 4.2); before AD 1700, the 50-54 year peak is the only significant 
and dominant periodicity for all three regions; after AD 1700, the decadal and 22-year 
peaks become significant periodicities, specifically, the MC is dominated by a 10-year 
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periodicity; the arid Asia is dominated by a 22-year periodicity; and the monsoon Asia 
exhibits both 10 and 20-year periodicities (Figure 4.4). 
(iii) The leading EOF modes on the decadal, multidecadal and centennial timescales all 
exhibit a similar spatially uniform structure, suggesting a nearly in-phase variations 
among the rainfall over South Asia and East Asia, as well as the MC on different time 
scales. The multidecadal EOF1 is the most uniform and the decadal EOF1 is the least 
uniform with relatively strong loading over the MC (Figure 4.5). 
(iv) The leading decadal mode of Asian summer rainfall variability is associated with a 
mega-ENSO pattern, a north-south dipole SST pattern between the northern North 
Atlantic and tropical South Atlantic, and a cool southwestern Indian Ocean (Figure 4.6). 
(v) Multidecadal variation (50-54 years) of the AARI is well correlated with the AMO, 
and the mega-ENSO index (Figure 4.8). On the centennial timescale, the RAP more 
closely follows the volcanic forcing rather than the effective radiative forcing, because 
the solar forcing does not correlate with the centennial RAP (Figure 4.9). 
(vi) Both the AARI-mega-ENSO and AARI-AMO relationships are nonstationary and 
experience significant secular changes. The former is consistently strong after AD 1700, 
while the latter is strong before AD 1700 as well as after around 1930. The AARI-AMO 
relationship is found to some degree following that of the AARI-volcanic forcing 
relationship over the past 544 years. (Figure 4.10). 
The present study period has its uniqueness because it covers the coldest part of the LIA 
and current unprecedented warming. Accompanied by many changes in the climate 
system associated with the transition between the two eras, I speculate that the role that 
external forcing played may be magnified. Frequent volcanic eruptions and solar forcing 
transition from minima to maxima could excite the variations of internal coupled ocean-
atmospheric modes like the AMO and mega-ENSO, thus influence the global 
circulation/precipitation.  
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Volcanic impacts have been taken into consideration in the operational decadal prediction 
system (Illing et al. 2018). Future projections have started to include pseudo-eruption 
scenarios under RCPs (Bethke et al. 2017). With still little known, solar could be a 
potential predictability source as well (Smith et al. 2012). Understanding how these 
external forcings can interact with the internal dynamics from observations and 
reconstructions can help to identify climate models’ deficiencies and to better project 
future changes. 
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Chapter 5. Concluding remarks 
5.1. Key findings 
n this research, a new long-term monsoon rainfall record is reconstructed and is 
used to explore changes in monsoon-ENSO relation and the decadal-to-
centennial rainfall variability. In Chapter 2, the Reconstructed Asian summer 
Precipitation (RAP) dataset is generated. It spans 544 years (from AD 1470 to 2013) and 
covers Asian land (8.75°S-55.25°N, 61.25°E-143.25°E) with 2 by 2 degree grids (Figure 
2.1). It is reconstructed by merging combining of two sets of complementary proxies 
including 453 tree ring width chronologies and 71 historical documentary records (Figure 
2.1a), and it is evaluated with various data sources (Figure 2.2). Verified against 
observation, skillful reconstructions are found in East and North China, Indochina 
peninsula, Maritime Continent (MC), northern India and Pakistan, mid-latitude Asia, and 
southern Japan (Figure 2.5). Compared with each individual single proxy-type 
reconstruction, the RAP yields quantitatively improved validation skill (Figure 2.5, 
Figure 2.6). It also shows significant positive correlation with long-term instrumental 
records dated back to early 1800s in India and later 1700s in Seoul, Korea (Table 2.1). 
The RAP reproduces realistic 20th century precipitation climatology (Figure 2.8) and 
large-scale year-to-year rainfall variability when averaged over the monsoon Asia, arid 
central Asia, and entire Asia (Figure 2.1b, Figure 2.9). For the pre-instrumental period, 
the RAP is in general agreement with other proxies such as speleothem δ18O records in 
China and India, and ice cores over the Himalaya and Tibetan plateau (Figure 2.10). It 
also captures the remarkably abrupt change during the 1600s recorded in the upwelling 
proxy over the Arabian Sea (Figure 2.12). Overall, the RAP is shown best to illustrate 
large-scale rainfall variability with more uncertainties in representing small-scale or local 
rainfall anomalies. 
I 
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The analysis of RAP variability during 544 years reveals four leading long-term 
variability modes of the Asian summer precipitation, including (i) a biennial El Niño-
Southern Oscillation (ENSO) mode, (ii) a low-frequency ENSO mode, (iii) a central 
Pacific El Niño-like decadal mode, and (iv) an interdecadal mode (Figure 2.13, Figure 
2.14, Figure 2.15). It provides a valuable dataset for study of the large-scale Asian 
summer precipitation variability, especially on the decadal and longer timescales. 
In Chapter 3, the RAP is shown to have recorded the phase-dependent influences of the 
ENSO on Asian summer precipitation since 1470. Two major modes of interannual 
variability (Figure 3.1) are found to be associated with the ENSO developing and 
decaying phases, respectively (Figure 3.2, Figure 3.3). The mechanisms behind the 
modern monsoon-ENSO relationship can reasonably well explain the past monsoon 
behavior. In response to a developing ENSO, precipitation anomalies from the MC via 
India to northern China are in phase, and this “chain reaction” tends to be largely steady 
since around 1620AD (Figure 3.6, Figure 3.7) when the Indian summer monsoon 
abruptly strengthened (Figure 2.12c); while during the decaying phase, the summer 
rainfall-ENSO relationship over the Yangtze River Valley-southern East China (YRV-
SEC), the MC and central Asia, has gone through large multidecadal to centennial 
changes over the past five centuries (Figure 3.8, Figure 3.9). 
Further I found that the strengthening of the link between developing-ENSO and Indian-
northern China rainfall since 1620AD concurred with a phase reversal of the Pacific 
Decadal Oscillation (Figure 3.10). A remarkable reversal of sign in the AM-decaying 
ENSO relationship occurred roughly from 1740 to 1760 over the Yangtze River valley 
(YRV)- southern East China (SEC) and MC, which may be associated with the long-term 
strengthening of ENSO intensity (Figure 3.10). 
In Chapter 4, interesting features of the decadal to centennial variability of the Asian 
summer precipitation are documented and discussed. Significant low-frequency 
periodicities on decadal (8-10 years), quasi-bidecadal (22 years), semi-centennial (50-54 
years), and centennial timescales are found for the area-averaged All Asian Rainfall 
Index (AARI) (Figure 4.2). A remarkable abrupt frequency shift from semi-centennial to 
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decadal occurred around AD 1700 across the entire Asian land (Figure 4.4), which nearly 
concurs with the dramatic upswing of the Indian summer monsoon (Figure 2.12c) and the 
AAR (Figure 4.1). Further more, before AD 1700, the 50-54 year peak is the only 
significant and dominant periodicity for the monsoon Asia, MC and arid Asia; while after 
AD 1700, the decadal and 22-year peaks become significant periodicities, specifically, 
the MC is dominated by a 10-year periodicity; the arid Asia is dominated by a 22-year 
periodicity; and the monsoon Asia exhibits both 10 and 20-year periodicities (Figure 4.4).  
A similar spatially uniform structure is found in the three leading EOF modes of Asian 
summer rainfall on the decadal, semi-centennial and centennial timescales (Figure 4.5), 
suggesting a tendency of in-phase variations among the rainfall over South Asia, East 
Asia, and MC across the decadal to centennial time scales (Table 4.1). The leading 
decadal mode of AAR is associated with a mega-ENSO pattern in the Pacific, a cool 
southwestern Indian Ocean, and a north-south dipole SST pattern between the northern 
North Atlantic and tropical South Atlantic (Figure 4.6). The leading mode of semi-
centennial (or multi-decadal variation) is significantly correlated with the reconstructed 
Atlantic Multidecadal Oscillation (AMO) and the proxy mega-ENSO (Figure 4.8). 
Centennial variation of the AAR follows more closely the volcanic forcing variation than 
the effective radiative forcing, while is uncorrelated with solar forcing variability (Figure 
4.9). Both the AARI-mega-ENSO and AARI-AMO relationships are nonstationary and 
experience significant centennial changes, especially around AD 1700 (Figure 4.10). The 
AARI-AMO relationship is found largely following that of the AARI-volcanic forcing 
relationship over the past 544 years (Figure 4.10). 
5.2. Discussion and future work 
Many interesting phenomena arise from examining the RAP and comparing with other 
paleoclimate proxies, and some of them lend observational evidences to existing model 
studies. One impartant aspect is the nonstationarity of the monsoon-forcing (both internal 
and external) relationship on both interannual (Figure 3.7 and Figure 3.9) and decadal 
(Figure 4.10) timescales. The results call for caution to paleoclimate reconstruction as 
well as future projections. Knowledge of such nonstationarity could be applied to risk 
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model of climate extremes, as well as to tuning coupled dynamic models for improved 
decadal prediction skill. 
However, due to the lack of circulation data in paleoclimate reconstructions, it remains a 
challenge to explain the mechanisms. Large spreads among the proxies introduce 
uncertainties, and concrete conclusions can only be obtained with utilization of model 
simulations and experiments. The recent simulation from Community Earth System 
Model (CESM) Last Millennium Ensemble (LME, Otto-Bliesner et al. 2016) provides a 
powerful tool to understand the climate variability of the past millennium. It includes 
ensemble simulations with all major natural and anthropogenic forcing, as well as various 
single-forcing experiments. I hope to utilize this dataset, together with the RAP to 
examine the AD 1700 shift found in this dissertation, as well as processes and attribution 
of multi-year drought/megadrought events. 
The study period of this dissertation has its uniqueness because it embraces the transition 
from the coldest part of the Little Ice Age (LIA) to current unprecedented warming. 
Frequent volcanic eruptions and solar forcing changing from minima to maxima may 
have magnified the role external forcing played to impact precipitation. Although current 
warming seems to be indomitable, one cannot rule out the possibility that the coming era 
could be a cold one because of the little knowledge we have about the sun. The 
paleoclimate records in various places of the world also indicate the multi-centennial 
fluctuations of the earth temperature (Figure 5.1). Understanding the rainfall behavior in 
the LIA and during its transition could to some degree prepare us for a potential cold-
future scenario. 
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Figure 5.1 2000-year of temperature variations in different parts of the world. Figure is 
adapted from Büntgen et al. 2016 and Zheng et al. 2014c. 
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